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Abstract

Abstract

The comjexity and inherent biological relevance of natural prod(lBs)are key characteristics

that have made them a constant source of inspiration in the development of novel bioactive
compounds. HoweveNPsalone cannot solve the lack of diverdeemical saffolds extending

into unexplored chemical and biological spa&s.a result this has led to innovative reaction
methodologyand design strategiémth of which are used in ord&r design and synthesisew

NP-like scaffolds that may simultaneouslydeliver new biological insight, with therapeutic
potential.In this thesisaccess to four differemMiP-like scaffolds, by means of unique reaction
methodology or the pseuddP design principlevill be discussedFigurelA).

Two of the reported scaffoldsontain an isoindolinone corgrivileged scaffold which were
obtainedvia a novelRNh(lll) -cataly®d GH functionalsation reactionThe previously unexplored
coupling of N-Boc benzamideswith ortho-substituted styreneaffords NRlike isoindolinones
under mildreaction conditions and toleratedbmad range of functionalitie&xperimental and
computational investigationgrovide strong evidence to suppdntat the high regioselectivity
observed for these substrates results fronttimebination of thertho-sulbstituent present otine
styreneand theOBoc group of the benzamidéurthermorethis scaffold wasisedas a valuable
building block to generatea second class of Nike compounds, isoindolobenzazepine
derivativesyia an additional §2 reactionBiological evaluation of selected compourfidsn both
compound libraries revealed inhibitory activity in thkedgehog (Hhipependentosteoblast

differentiationof multipotent murine mesenchymal progenitor stem cells into osteoblasts.

ThepseudeNP approach is design strategiyvolving thede-novocombinatiorof natural product
fragmentsin novel arrangementwith the specific dual aim of targeting novel chemical and
biologically relevant space. lthe second chaptethe design and synthesis of a new class of
pseudeNPs combining indole and tetrahydropyridind THP)-fragments in an unprecedented
arrangement is describ@éigure 1B) The monopodal connectivity between the fragmbassot

yet been observed inature, hence, facilitated bya phosphineatalysedasymmetric[4+2]
annulation reactigrefficiently yieldedthenewpseudeNP scaffold.When submitted to biological
screeningn variouscell-based assaysepseudeNPs were found to haotent in reducingellular

kynurenine (Kyn) levels. Further investigpn identified the modeof-action to be the selective



Abstract

targetirg and stabilisationf apaindoleanine 2,3dioxygenase 1 (apliDO1), a therapeutic target
enzyme inwlved in immunesuppression, linked to numerous disorders including cancer
Additionally, this pseudeNP class was used to obtain the final-W@ class, in the form of
bridgedbicyclic compoundsThesynthesis of thipseudeNP class therefore helps to validahe
designprinciple with regard tounexploredfragment arrangements possibly prorglia route to

compound classes endowed with unexpected or new bioactivity.

A) Reaction Methodology: C-H functionalisation B) Design Strategy: Pseudo-NP approach

X
o

©)J\H/OBOC @ HN
=
N ()

Enantioselective
RhCp* phosphine-catalysed
[4+2] annualation

0 O R2

O 0,5 R
NH N N—
P \

{* CO,R*
N z %
N R 1
|| e
NP-like Isoindolinones Isoindolobenzazepines Apoxidole Pseudo-NPs NP-like Bridged-Bicylics
Osteoblast Differentiation Validated Kvnurenine Reduction
Inhibition apo-IDO1 inhibitor y

Figurel: Overview of two strategies accessing four diversdik#Pscaffolds with newly discovered

bioactivity. A) Rhcatalysed €H functionalsation and B) Use of the Pseu® principle.

Overall,novel synthetic methodology and the psett® concept caprovide the opportunity to
discover unique structurataffolds thamay explore new areas of biologically relevant chemical
space.



Kurzzusammenfassung

Kurzzusammenfassung

Die Komplexitat und die inharente biologische Relevanz von Naturstoffatur@l Producs,

NPs) sind Schlusseleigenschaften, die sie zu emahtigen Inspirations quelle fir die
Entwicklung neuer bioaktiver Verbindungen gemacht haben. Afigsdkonnen NPs allein den
Mangel an vielfaltigermolekularenGerusstrukturen die sich in unerforschte chemische und
biologische Bereiche erstrecken, nicht beheben. Dies hat Eniwicklung innovative
Reaktionsmethodén und Designstrategie gefiihrt, dieeingesetzt wrdenkdnnen um neue NP
ahnlicheVerbindungsklassernu entwerfen und zu synthetisier&ie hologische Untersuchung
dieser neuartigen Verbindungen kannrauen biologischeErkenntinssemnit therapeutischem
Potenzial fUhren In dieser Arbeitwird der Zugang zu vier verschiedenen -&lihlichen
Verbindungsklassedurch einegnnovativeSynthesemethodeder das PseueldP-Designprinzip
erortert (Abbildung 1A).

Zwei der vorgestellte@rundstrukturemnthalten eiaprivilegierte IsoindolinorKernstruktur, die

durch eine neuartige Rh(l#Ratalysierte GH-Funktionalisierungsreaktion erhalten wurde. Die
bisher unerforschte Kopplung von-Bbc-Benzamiden mitortho-substituierten Styrolen fuhrt
unter milden Reaktionsbedingungen zu-&lihlichen Isoindolineen und toleriert ein brege
Spektrunvon Funktionalitdten. Experimentelle uodmputergestitztdJntersuchungen belegen,
dass die fur diese Substrate beobachtete hohe Regioselektivitat aus der Kombinaiitimodes
Substituenten am Styrol und der OBBauppe des Benzamids resultiert. Dartiber hinaus wurde
dieseStrukturals Baustein verwendet, um eine zweite Klasse voriN#ichen Verbindungen,

die Isoindolobenzazepibderivate, Uber eine zusatzlichenZReaktion zu erzeugen. Die
biologische Untersuchungusgewahlter Verbindungen aus beiden Substanzbibliotheken ergab
eine inhibierende Wirkung auf die Hedgehog (Ht@bhangige Osteoblast&ifferenzierung
multipotenter mesenchymaler Vorlaufeétammzellen der Maus in Osteoblasten.

Der Pseudd\P-Ansatz ist eie Designstrategie, bei der Naturstofffragmente in neuartigen
Anordnungerde-novokombiniert werden, mit dem Ziel, neue chemische und biologisch relevante
Bereichezu erschlieRenm zweiten Kapitel wird das Design und die Synthese einer neuen Klasse
von PeudoeNPs beschrieben, die Indound Tetrahydropyridin (THPFragmente in eindsisher
unbekanntemmolekularenAnordnungmiteinanderverbinden(Abbildung 1B). Die monopodale
Konnektivitdt zwischen den Fragmenteonntebisher in der Natur nicht beobachwetrden so

dass die neue PseudeNP-Klasse durch eine phosphinkatalysierte asymmsehe [4+2}



Kurzzusammenfassung

Annulierungsreaktioneffizient hepestellt werden konnte. Bwui biologischen Screening in
verschiedenen zellbasierten Assagsgte sich ein&Senkung des zellulameKynureninspiegels
(Kyn) durch die beschriebenen PsetNiBs Weitere Untersuchungen ergaben, dass der
Wirkmechanismus in der selektiveBindung und Stabilisierung der Aptmdoleamin2,3
Dioxygenase 1 (aptbO1) besteht, eiretherapeutischemargets dasan der Immunsuppression
beteiligt ist und mit zahlreichen Erkrankungen, einschliel3lich Krebs, in Verbindung steht.
AulRerdem wurde diese Pseu®-Klasse verwendet, um druletzt beschriebendP-ahnliche
Verbindungskasse in Form von verbricktemizyklischen Verbindungen zu erhalten. Die
Synthese dieser Pseubl>-Klasse tragt zur Validierung des Designprinzips im Hinblick auf
unerforschte Fragment Anordnungen beaind bietet mdoglicherweise Zugang zu

Verbindungsklassen mit unerwarteter oder neuer Bioaktivita

A) Reaction Methodology: C-H functionalisation B) Design Strategy: Pseudo-NP approach
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Abbildung 1: Uberblick tber zwei Strategien zur Entwicklung von vier verschiedeneihiN@hen
Verbindungsklassen mit neu entdeckter Bioaktivitdt. A}kRtalysierte €H-Funktionalisierung und B)

Anwendung des PseuddP-Prinzips.

Insgesamt kdnnen neuartige Synthesemethoden und das MHe#amzept die Mdoglichkeit
bieten, einzigartigemolekulare Strukturerzu entdeckenum neue Bereiche des biologisch

relevanten chemischen Raumserschlief3en



General Introduction

General Introduction

Small Molecules to Probe Biology

Small moleculesincludenatural products, metabolitesid synthetic compound&1000 Day*?l
Often these compoundsnd to and modulatbiological targts, such as enzymes, receptors and
DNA. Small moleculescontinue toplay a prominentrole as therapeutic agents but also
answeing important biological question®ore specifically, througldissecting anetlucidating
molecular mechanismenhancing our understandingafmplexbiological systeral®!

The classial approach d understand biolgical procesesrequires genetic manipulatians
However,deleting or activating genes a labourintensive process anday be limited in itsin
vivo application*! Often, it can completely removea protein from a systerwhich can be
detrimental butlso removeshe chance to study.t® Whereassmall molecules may modulate
one specific function od multifunctionalprotein. The beauty of small molecules is thiagy offer

a more flexible approacthanworking on a gene levelheycan be easily modifiedndcanact
quickly and reversiblyin a dsedependent manneacross multiple cell lines/speciék.
Unfortunately, whilst any gene can be manipulated, offitgaion of known targets have known
small molecule ligands®! Yet, the advantages of small molecules cannot be ignared the

desre to deliver novetompoundghat can probe biology is extremely high.

Estimatesof potentially synthesable stable organic molecules-is0°3 (<500 Da) showing that,
with regardto chemical space, chemists hdagely scratched the surfdéeln 2008 an analysis
of the CAS registry> 150 million compounds)by Lipkuset al highlightedthat~50%all known
compounds are based on just 0.25% of the known molecular scafibits the most popular 5%
of scaffolds were present in over 75% of compoufiddotivated by thes statisticsadvances in
chemical reaction methodology and synthetic design strategies have led to innapptoeaches
to access novel sdafds, including those withhe potentialfor bioactivity.®! A decade later, the
data wa reassessedevealingthenumber of new scaffoldsadalmost doubled between 2008 and
2018(Figure2).lt9
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Figure2: Volume ofnew andestablished Chemical Sifalds in publishedliteraturepre-1949 to 20184

This demonstratkthat inventive strategies were indeed venturing intexplored regions of
chemical spaceéNevertheless, the challengemains. For the futureynthetic boundaries should
continue to be pushed and chemists should have an assrehéhepotentialgold mine of
scaffolds that are yet to be synthedi8@ It is of high importancen order to enable access to

biologically relevant space and consequently, bioactive compdtthds.

Identification of Bioactive Small Molecules

The field of chemical genetics is a research paradigm that utilises sniaetutes that perturb
biological systems in order to characterise cellular pathways or specific protein fifi¢tianrder
to increase the <chance of finding active col
required**%l As parallel and combinatorial chemical synthesis generatastanumber of novel
compounds in a short space of timbe development of higthroughput screening (HTS)
techniques has greatly benefited chemical genéfitldn academiathousands of compounds can
be screened and assayed per daythleypharmaceutical indugtare capable of screening millions
Usually this leds tomultiple hits but the challenge is to discard fglesitives while maintainng
promising active lead$’+8!

Chemical genetics can be divided into two appreaclhe forward and reverse, but both are
composed of three parts: natural product or smalecule libraries, phenotypic ser@ng and

target identificatiort1%!
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Reverse Chemical Genetics: TargeBased Screening

Reverse chemical geneticsréferred to as beingf r om t ar g e ) Intthiscapehtieereot y p e
is an established protein (or gene) target of integggttheaim is to identify a comound that

causes a phenotypic changie protein will be screened with a vast pool of chemical compounds

to identify functional ligands that induce a phenotypic change. A specific ligand will then be
optimised ands used orcellsor an organism to study and cheteri® the triggered phenotypic
responseThe main drawback with this methstems from the use of purified protein. Testing a
compound with just one targit vitro, cannot give a clear picture as the how seleciapecific

the ligand will bein vivo. As a resultmany compounds will fail in the later stages as they may

have adverse effects that were not possible to observe &dklier.

Furthermore, argetbased screening remaidsficult as not all possible targets are known or
accessibleln fact, a report by Swinney and Anthony revealed blealveen 1999 and 2008, out of
50 new and approved drug compoundd4% were targebased (reverse emical genetics)

whereas 56%vere phenotypdased (forward chemical geneti€s)

Forward Chemical Genetics: Phenotypic Screening

Contrastingly,forward chemical geneticswhich is defined asheiphenot ypehags o t ar
continued to be the more access#ntel applicabl@pproah in discoveing novel bioactivity¥ It

begins with dibrary of natural products or small molecubleich are submitted to a jgimotypic

screenlf a compaind induces a phenotypic chargfanterest, it is subsequently used to identify

the responsiblenolecular targetFigure3).C!

I/A\\\ : Z i ;
Compound Library Phenotypic Structure Activity TargetIdentification
Synthesis Screening Relationship Studies and Validation

Figure3: Schematic representatiof forward chemical geneti¢s!
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Once a suitable compound has been identified, before it is taken further, it undergoes optimisation

t hrough -dttzity-r ecatur enshi po redhifeRyynthetic malificatons toT hi s
improve the potency, selectivity (if relevant) and in parallel, physicochemical properties. This
compound will then be used in target identification which may lead to an understanding of the
compounds mode of action ahits involvement in the regulation of the molecular mechanisms

that ultimately result in the phenotype of intefést

Phenotypic screeningot onlyallowsthe opportunity to identify novédioactive compounddut

a clear advantage over the reverse approaalsodiscoversew targetsind thereby identification

of previously unknown molecular networKehis is predominantly due to the unbiagedth
respectto a specific molecular targetature of the technique becayseteinsarekept in their

native environment and not incubated with a single protein target (see reverse chemical genetics).
Something which often limits drug development istafiget effects but phetypic screening ¢a

often escapthis early on in compound developmevith HTS triagel?”??!

Whatbothforward (andreversg¢ chemical genics rely onare the compounds libraridderein,

one returns to the necessary exploration of chemical spaaditional combinatorialibraries

yield disappointing hit return ratio, and it is now widely accepted that this poor rate of return is
due to alack of structurh diversity or biological relevanc8 Phamaceutical compound
collections, @spite the impressive size, lack diverse chemical structures in their compound
collections whth can slow the discovery of new drugs. Once again, the neddsign and
synthesis novel andstructuraly diverse compounds is clear. Thlémategoal being able to find

a small molecule partner for every gene produc

Morphological Profiling: Cell Painting Analysis

It is worth noting that anotihdorm of phenotypic screenirftas become popular in recent years,
is the Cell Painting 8say?®>?4 This broadlyapplicable, higkithroughput method, combines
microscopy and computational analysis to detect changes in cellular morphBiogtaining
specific cellularcompartments(nuclei, endoplasmic reticulum, nucleoRNA, actin, Golgi
apparatus andhitochondrig with six different dyes simultaneouslgn unbiasedapproach to

investigate cellular perturbations upon compound treatment is accomplished. Automated
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fluorescent imagingand analysisleads to the extractionf several hundrednorphological
parameterghat represerd phenotypic profile in the form offdingerprin . I f the compol
induced any significant change in the morphology, it is quantified and given an induction value,
relative to DMSO. In additio, by comparinga fingerprintprofile to a set of references, it may be

possible tadetermine théiologicaltarget or mod@f-action of the compounig2¢l
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Chapter I: Rhodium (lll) -Catalysed GH Functionalisation

of N-OBocBenzamides to access Nike Isoindolinones

1.1 Introduction

In the search for biologically active small molecules, a limiting fassgoftenthe availability of
synthetic methodshat are abldgo access the necessary complexity, egmpared to natural
products (NPs)}{owever,with an increasing demdrfor moreefficient and economicaheando
synthesise complex naturptoductlike scaffolds in the hope of deliveringovel bioactivity

landmarkchemical reaction methotisve emerged?” 28 including GH functionalisatiori?%3%l

1.1.1 C-H Functionalisation

Nature frequentlperforms carboydrogen (GH) bond functionalisation, takirigertC-H bonds
and using theras latent functional groups form new carbortarbon (GC) or carborheteroatom
(C-X) connection$® Yet despitethe abundant psenceof C-H bonds in synthetic organic
chemistryit remainsa challengeo perform the same featith such eas€? An isolated, non
acidic GH bond carriesvith it a high bond dissociation energ® 9i @10 kcal mdl),*3 making
it notoriously difficult to functionalise However, he ability to selectively activate and
functionaliseC-H bondsds highly sowght afterasit provides novel reaction sites and more efficient
synthetic routesTypically, bond formingreactionsrely on the manipulationf reactive groups
which usually requires multep synthesego preparepre-functionalised starting materigfs!
WhereasC-H functionalisation provides an alternative scenaglicectly transforming the &
bond to the desired functionalifGchemel), henceimproving atom economyand redudng
hazardousvastel®4l

Functional group interconversion

steps

X =Br, |, OTf etc.
C-H Functionalisation T

Schemel: Direct C-H functionalisation,a more efficient route compared to traditional approaches.

10



Chapter I: Introduction

With the emergence of-8 functionalisatiormethodologiesit hassimplified access to organic
building blocks andmore recentlyenabled late-stage functionalisain (LSF) of complex

structuresparticularlyusefulin the pharmaceutical industiy!

1.1.2 Transition Metal -CatalysedC-H Functionalisation

The use oftransition meta (TMs) to facilitateC-H functionalisations one of the most widely
used approaché¢¥*®¥IThe TM can f-&ddnd by dowesing the énerdylier for
bondcleavage. It does so lopordinaing to a GH -liondanddonating electron density into the
0 * o rwedkeniad the & bond and allowing enetal carbon bond to be formE#.In the last
30 years le field of transition metatatalysed C-H functionaligtion hasgained tremendous
attention. It hasdelivered novel transformationgut has also been used to construct privileged
scaffolds, often used as building blocks for the discovery of complex natural ptid@uct
compounds$®”4% As mentioned, the abundance of théd®ond is part of the appeal that drives
C-H functionalisatiorresearchoffering multiple sites for unique reactions. Howe\kre to the
complexity of organic substratémving the tools taselectivelyactivate a specificC-H bond
maintainingchemae andregioselectivity is one of the main challengesheterocyclic compounds,
such as furandndoles,and pridines, the reactivity of a <€l bondcan becontrolled by the
presence ofhe heteroatont®® Whereasless explored ithe selective functionadation of a non
biased sp or sp-C-H bond“*! Thisis notoriouslydifficult andcan causenprecedented reactians

1.12.1 Directed C-H bond Functionalisation

An established strategp obtain high regioselectivity is to emplaydirecting grougDG) in
combination with a TMcomplex“243l This approach avogthe need for stoichiometric quantities
of strong lithium basesa hindrance in terms of functional group tolerarafégn used in the
directedortho-metalation(Scheme2a).[*4l DG-assisted €H functionalisation has matured into a
powerfultool in organic synthesigroviding original disconnections in retrosynibetnalysis and
improving the overall efficiency of the desired transformati®rin particuar, ortho-directed G

H functionalisationof aromaticrings (Scheme2b), which isfrequently used to obtain complex

scaffoldsi#24%)

11
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O e O e Ol
a) _— E —_—
H Li- R
I I m
@H @HRDG @DG R-X @DG
| — n
™ R

Scheme2: Comparison betweesrtho-metalation (A) and TMcatalysedrtho-directed CGH
functionalisationB).

Acting like an internal ligand, the DG coordinatesthe TM catalystV directing it in close
proximity to the desiredC-H bond whilst leavingthe restfiunreactivé Subsequent insertion of
the TM into the GH bondand simultaneouproton losstypically affords a 5 or 6menbered
metallocycleVI which allows the reactionoupling pamer to insert and forrthe new GC/C-X
bondVll . Thisinitiatesthe eventual regeneration of the Tistalyst and yieldthe desired product.
Various functionalities havebeen used aBGs for siteselective GH activation ranging from
nitrogen containindieterocycleso amidescarbonyl derivative&? One of the earliest examples
of this strategy was thpioneering work ofMurai in 1993%¢! An ortho-selective,alkylation
facilitated by a ruthenium catalyst ugimarious aromatic ketondsand alkenesvas successfully
achieved Schemes).

o RuH,(CO)(PPh3), o
1 (4 mol%)
Rz‘: AN R + /\Rg R2+ AN R1
= H Toluene, Reflux = R3
1 0.2-90h 2
10 examples
66 - 100%

SchemeS: First example of ThMcatalysedrtho C-H functionalisation of aryl ketones.

Since thendirected CH functionalisation reactions @ grown in complexity and applicability
generallyworking well withtransition metals from groupsI®, such as rutheniu(Ru), rhodium

(Rh) andpalladium(Pd).*" In particular, hodiumcatalysedC-H functionalisition has received

12



Chapter I: Introduction

more attentiover the years asaffers tuneable reactivity and a brdadctional group tolerance,

allowing access to manstructurally complex and functionally diverse molecutantifs.[48:4%

1.1.2.2 RhCp* in ortho-directed C-H bond Functionalisation

The transition metal complexpentamethylcyclopentadienyl rhodium dichloride dime
[RhCp*Cl2]> has proven to benainfluential precatalys in C1 H f u nsationj comneoiy i
being usedn ortho-directed reactionwith various coupling artnerd*? Early workfrom Miura

et al (Schemeta) deliveredisocoumaringt using benzoic acgto direct the €H insertion in the
presence of alkyné®! Fagnouet al used this approach demonstrating a regioselective synthesis
of highly functionalised indole¢Schemedb) employng acetamide$.®Y In 2010,usingN-aryl
benzamide7 with internal alkyne, Roviset al gained access ta variety ofisoquinolons 8

including those originating from heteyclic carboxamide$Schemetc).52

0 R? [RhCp*Clz]> (1 mol%) 0
Cu(OAc), H,0 (5 mol%)
N oH . | il . 0
a) R |
X" H R3  air, DMF, 120-140°C, 2 h Z S R2
3
3 R
4
9 examples
81-97%
R2 [RhCp*Clo], (2.5 mol%) R2
AgSbFg (10 mol%
b) 1~ " .| 9P 2 TN s
R | R R
NHAc R® Cu(OAc), Hy0 (2.1 eq) N
t-AmOH [0.2 M], 120°C, 1 h c
5 6
16 examples
47-83%
o R3 [RhCp*Cl,], (2.5 mol%)
) R2 Cu(OAc), H,0 (210 mol%)
AN |
¢ R-= [ H
% H R4 t-AmOH, 110 °C, 16 h
7 8
29 examples
22-98%

Schemet: Early examples of the RhCgatalysedrtho-C-H Functionalisation transformations with

alkynes and different DGs
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Yet, it stould be noted that these early examples all include the use of a cofa¢alyst which

has a dual role in th@echanisn{Schemeb), resulting in the need fdrigh temperaturedgnitially

the RhCp* dimer undergoes ligand exchange with copper acetéentothe active catalytic
specied (Schemeb). Guided by the directing group this species can insert into 4HebGnd to

form rhodacyclédl , with concomitant acetic acid formation. The available coordination site of the
rhodium allows coordination andissequent insertion of the alkyne to access rhoddtycehich

forms the desired heterocycle upon reductive elimination of a Rh(l) species. The final stage of the

cycle is the regeneration of the catalytic Rh(lll) speciasxidation facilitated by copgy acetate.

[CP*RNCly];
Cp*RhCl,
2 Cu(OAc),
N 2CuCl
N 2
Y
DG
2 CuOAc Cp*Rh(OAc),
G |
| ~ D. :
R'— Y/ R?
= 2 Cu(OAc),
v RS HOAc
DG
R—F .
_—Rh
Cp*
LN I
R1_:(:Q/Zh—09*
N =
R3 R?
I R?

I
3/
R

Scheméb: General mechanistic cycle for Rlatalysedrtho-directed GH activation assisted by the use

of copper acetate.
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1.1.2.2.1 Internal Oxidant Directing Groups

In order to allow for reactions to praa# under milder conditionsvhich would also allow for a
broader substrate scopd reduce metal wastgnificant development in-€l functionalisation
has led to theise ofinternal oxidarg.*"5% This internal oxidant astas both a DG and oxidant
making the need for a ematalyst redundardnd in theory lowering reaction temperatigsa

consequence of the intramolecular nature of thexigation>*

Early contributions to this concept were explored in palladium catalyd¢tr&hsformations. For
exampleCui and Wiperformed &d-catalysed alkenylation of quinolinB-oxides9 with electron
poor alkened0, where theN-oxide is the DG and internal oxidaf@chemesa).>® Hartwig et al.
used with an oxime esté®, in a directintramoleculammination reactioto make 2,3substituted

indoles13 (Schemesb).°! However,in both casedigh temperatures were sti#quired

S
Q
@j + H\/\R @j/\/
a) ¥ NMP, 110 °C, 20 h =
9 10 1
R = CO,Et, CO,Bu, CN 12 examples
27-95%
H OAc H
XX N~ Pd(dba), (1.0 mol%) N
R1__:_ | _ R1__'_ R2
b) _ R? - A
s Cs,C0O5 (1.0 eq) 3
R Toluene, 150 °C, 24 h R
13
12 13 examples
40-71%

Schemes: Early examples afhe Pdcatalysed €H functionalisation sategies with internal oxidants

Nevertheless, a variety of oxidative DGs have been synthesised and employed sucedsskully
has been particularly revolutionary for RhCp* catalysedd Qctivationi*?? The design is
predominantlybased on theveak cwalentN-O bond (Scheme 7a)such as oximed4 and N-
alkoxy benzamidegan be referred to dydroxamatg 15. Also N-N bond directing groups, such
as hydrazine46, haveproved effectiveln fact, the first successful repaat exploit thisdirecting

groy strategywas achieved by Yet al. in 2008, employingN\-OMe benzamide&1 (Scheme

15
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7b).51 This Pd(Il)-catalysed intramoécular amination of gpand sp C-H providedaccess to a

wide range of lactamk8a-c.

0 H
X, OH/R _.OR N. .R
N N N
2 NG
H H H
14 15

16
Oximes N-alkoxy Hydrazines
benzamides
b)
Y Pd(OAc), (10 mol%) R Ph
N 0 AgOAc (2.0 eq) R2 y/
R | AN X
™ N,OMe CuCl, (1.5 eq) R3I o o
|
R2R! H g Z N N N~ 0
DCE, 100 OC, N2, 6 h OMe OMe OMe
17 18a 18b 18¢c
9 examples 78% (10 h) 91% (10 h)
72-96%

Scheme 7a) Selected oxidative D) First successful report utilisingalladium catalysed €l

activation ofN-methoxybenzamide$OMe-aryl hydroxamatepy Yu et alto obtain lactams.

1.1.2.22 N-alkoxy Benzamidesas Versatile Directing Groups

Owing to its simplicity and finely tuned coordination strength, Khalkoxy benzamides have
found wide application adirectinggroups in Rh-catalysed GH activation.In 2010, Fagnouet al
reported the Rh(llkcatalysedannulation oN-OMe benzamids 19, with internal alkyneso yield
isoquinolone0 (Schemes, left).®® The milder conditions, with temperatures reduced to 60 °C,

allowed for high functional group tolerance without compromising reactivity or yield9{48.
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R2 — R3 /\RZ
Q [RhCp*Cl,], (2.5 mol%) 0 [RhCp*Cl,], (1.0 mol%) 0
R1+ X NH CsOAc (30 mol%) N X N/OMe CsOAc (30 mol%) R1©i‘:\j\l—|2
N0 R'T H LA o
, R MeOH [0.2M] ZH MeOH [0.2 M] R
R 60°C,16 h 19 60°C, 3-16 h
20 21
12 examples 34 examples

48-90% 40-95%

Scheme3: The use oN-OMe benzamides providing annulatifieft) or olefination(right) products

depending on the reaction partner.

Interestingly, soon after Glorius et al. presented a different outcome for the reaction when
coupling alkenes witiN-OMe benzamidesa regie and stereoselective-B olefination(Scheme

8, right). Moreoverwhen they employel-pivalate(N-OPiv) benzamide®22, the reactioryielded
dihydroisoquinolone$DHQS9) 23, as the sole product (Sche®e>? Concurrently,Fagnouet al
hypothesied that the same reactiofavours the DHQ formation as théN-OPiv increags the
stability of intermediates antehavs as a letter leaving groupThey found the pivaloyl group

gave increased yieldgith reduced catalyst loading at room temperafifte

o

ol [RhCp*Cl,], (0.5 mol%)

; CsOAc (2.0 eq) XX
q X N,OPIV ) /\RZ . R! : NH
R I H 5 MeOH, RT, 16 h = R2
R
H La
22 23

Scheme: Synthesis of DH®via Rh-catalysed annulation &-OPivbenzamide 22 with alkenes

Both groups nvestigated and proposed reaction mechanisms that would explain the different
product outcome with each directing group. Beginnitly the formation of theactive catalyst

by ligand exchange with the CsOAc (Scheb@¥ this species then coordinates wiitie N-OPiv-
benzamide2 with a concomitant loss of acetic acMext, aconcerteemetalationdeprotonation
(CMD)B281 whereby the GH bond is claved with the aid obase,affords the 5-membered
rhodacycld Il . At this point the alkene associates and subsequently inserts in to-Gé&tid to

give the 7membered rhodacycl®&/. This intermediate is crucial in determining the product of the

reaction When theO-pivaloyl group is used, it is proposed that it stabilises the rhqdoym
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coordination saturatiortp allow for reductive elimination to givé which is quickly protonated
to yield the 3,4DHQ 23. Whereas tha&N-OMe b en z ami d e fhgdvide elimmationh e b
pathway to give thelefin 21.5%

1/2 [Cp*RhCl,],

(@) 2CsOAc OP|v
I 2CsCl R1 ' \
NH S
Cp*Rh(OAc 22
HOAc
OPiv
! R'I__I_
X N'R "OPiv S "Rh'Cp*
11 H
R /N
% \ O

\Y

HOAc

R1|_\ Y R N-OPiv
| / Cp* / Rh
If DG = 2 bp*
C(O)NHOMe H R \/{ 1
v
o /\RZ
W N NH,
R'-—
N R2
21

ScheméelQ: Proposed catalytic cycle for the Rh(itdatalysed reaction di-OPiv benzamidewith

alkenes
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This seminal work usingN-alkoxy benzamideshas proved extremely compatible wiRh-
catalysed €H functionalisation and its application has continued with nowebling partners
For example Ma et al. reported the Rh(lIjcatalysed C-H bond allenylatiorcoupling N-OMe
benzamides witlallenylsilane24 (Schemel 1).162l Underrelativelymild conditions the reaction

afforded polysubstituted allenylsilanezb in excellent yields

o)
o [RhCpCl,], (2.0 mol%)
om R? NaOAc (30 mol%) R N7 UNH
e -
X N~ + :‘:'/\ =
110
Ry A H T™S MeOH/H,O = 20:1
H 20°C, 16 h
19 24 R* “TMS
25
14 examples
59-91%

Schemell: Rh(lll)-Catalysed Heckallenylation ofN-OMe banzamides wittsilyl allenes24.

In 2013,Rovis et al reported an intramolecular annulation with alkef@she use of tethered
olefins onN-OPiv benzamide®6 to accesamidoarylation was demonstrated (Schelgg A
wide variety of tetheialkenesvere used to givieve- andsix-memberedbiologicallyinteresting

3-fusedringlactans 27 in good to excellent yields

oPi [RhCp'Cl,], (2.5 mol%) o
L N~ CsOPiv (2.0 eq)
R _I_H X" NH
2 R'— 3
R H I R
3 o MeOH, RT, 0.3 -6 h ¥ R4
R4 ’ "
26 27
n=1-2 14 examples
50-99%

Schemel2: Rh (lll)-catalysedintramoleculammidoarylation to access fuskettams27.

As the directing group can be incorporated into the final heterocyclic compound, other interesting
NP-like scaffolds have been accessed with relative €338ui and ceworkerswere able to
synthesise valuable spt@HQs 29 with complete regiocontrol usingethylenecyclopropan&8

(Schemel 3, left).[** The same group achieved a [4€3Floadditiontype GH functionalisation
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using vinylcarbenoidS30 to access azepinonéd, a scaffold often found in natural products

(Schemél 3, right).1%%! In both cases, a wide scope of substrate tolerating variable functional groups

was demonstrated.

R2 N2
g 28 EWG)J\V/ 30
RS 0
[RhCp*Cl5]5 (2.0 mol%) (¢) [RhCp*Cly]5 (2.0 mol%) NH
i |
. CsOAc (1.0 eq) | N N/OPN CsOAc (1.0 eq) R1L P
R1T H —
= 3
MeOH, 30 °C, 1-2 h H MeCN, 30 °C, 4-6 h EWG R
29 22 31
23 examples 38 examples
8-95% 43-97%

Schemel3: Accesdo valuable lactamgia Rh(lll)-catalysed €H functionalisation witiN-OPiv

benzamides.

1.1.3Isoindolinones

Isoindolinoneq1,3 dihydro-2H-isoindole1-ong, are considered aaluable privilegedscaffold
class demonstratingiversebiological activity?® with therapeutic potential includiramtiviral,[®”!
ani-inflammatory®®, and anti-cancer® It is often akey feature in many naturallyccurring
compounds likenti-fungalPestachloride 82, and Taliscanin&3 which hasshownantimalarial
propertiesas well as having liks activity against Parkinsomisease’® Yl However it is also a
popular core structure in marsynthetic bioactive compmds like sedative, Pazaclone 34

(Figure4).I"2!
0
o N Ny N Cl
ol e
® ()
OMe

OH ¢

O NH
HO OMe
o o

MeO

MeO

Me

Me c” Me 0" o
32 33 34
Pestalachloride A Taliscanine Pazinaclone
Anti-fungal Anti-malarial Sedative

Figure4: Selected examples of biologically active compounds possessing the isoindolinone scaffold.
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1.1.3.1Synthetic Strategietoward 3-Isoindolinones

Theretrosynthetic analysis tiieisoindolinone pharmacophof8cheme 1435) generally follovs
eitherthe useof phthalimide&® or construction of théactamring. The former is not often used

due to numerous stepequired including protection and deprotection of the nitrog&he
alternative, is the build the lactam, which can be achieved using various functionalised arenes
(Schemel 4, pathl-V).[/475]

CN R
CHO Baylis-Hillman Pd-catalysed
36 Carbonylation 39
O
ﬁj\ OR
37 O
NH/R
35 R
0]
I v o]
OH Amine Pd-catalysed
(o) condensation Intramolecular R{/\EJ\NHR/NRZ
cyclisation % X
38 R/H 40

Schemel4: Selected generic routes to accesaiBstituted isoindolinones from simple starting materials.

For instance, Zormylbenzonitriles36 (path 1) can undergoa BaylisHillman reation with
activated alkaeslike 37 to form isoindolhoned’® Although a recent alternativdemonstrated
by Li et al, employeddiaryliodoniumin the presence of coppier activate the niiie leading to a
cascade cyclisation yieldirg,3-diarylisoindolinones’”! Highly functionalised dsoindolinones
are also formedising carboxybersdehydes38. Often this can be achievatirough amide
formation and cyclisation but more likely, imine formativa condensation would be employed
to initiate multi-component reaction (MORcascadegor lactamisation (pathl ). The Mannich
reaction usean amine and keten whereas an Ugi reactioses amine with isocyanid&é¥
Transition metatatalysed carbonylationmethod have proven successfuh synthesising

isoindolinoneswith various starting materials. Recently, V&t al used a Pgatalysed GH
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carbonylation of benzylamin@&®to obtainisoindolinane scaffoldgpathlll ) in good yields under
gasfree condtions with a CO surrogafé’® An alternative is to begin witltheap ortho-
halobenzoythlorides or evercarboxylic acid that can be converted @mides 40 to allow fora
Pdmediatedactamisation with varying coupling partsépathlV).% However, TM-catalysed
C-H functionalisation which avoids the need fohalogenatedtartingmaterias, redices number

of stepsand can be performealith various TMshas become an increasingly popular strategy to
build heterocyclic structures including isoindoliofé5.Yet, reacions can come with certain

structuralcaveats in order for reactions to succeed.

1.1.3.2Isoindolinonesvia RhCp* catalysed GH Functionalisation

Synthetic methodologiegsing RRcatalysis have been reportédh early exampldy Roviset al

in 2013, wa the coupling of diazo compound4 with N-OPiv benzamide22 in a Rhcataly®d
formal [4+1] cycloadditior{Schemel 5a).BY A limitation of this transformation itheneed for an
electronwithdrawing group in order to stabilizéhne carbene intermediate when nitrogen is
releasedNevertheless, the method afforded a wide scope of isoindolinéhegth good to

excellent yiedls.

Another C1 annulation partner (propargyl acetd®svas employed biaet al in an approach
to accessisoindolinons 45 with high yields®? Interestingly, HO proved to be the optimal
solvent, however, harsher conditions were required (Scheme Tl key intermediate in this
transformation is thalleneintermediatet4 which is formed following elimination of OAc. This

allene can be coordinated to by rhodium to facilitate cyclisation.
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[RhCp*Cly]5 (1 mol %)

EWG AN
N OP|v \n/ R—: NH
/ N, CsOAc (20 mol%) =
MeCN, 23 °C R, EWG

1 42
EWG = CO,R, CF; 32 examples
27-99%
[RhCp*Cl5], (4.0 mol%) 0

NaOAc (30 mol%)
AcOH (1.0 eq)

Roan

\/

/

2
A

=

u Z

I\)O
5

H50, reflux
AcO air R3
45 R*
14 examples

B 0 ] 28-86%

' e _.OMe

via R
= R2

- R ORY

44

Schemel5: Strategies to aess isoindolinones frod-OMe benzamides with RhCp* using diazo

compounds angropargylic acetateas C1 annulation partners.

Isoindolinones could also lmbtainedusing electrordeficient alkenes a similar strategyin this
case, Liet al describedinoxidative GH olefination usingryl carboxamidg46to form the Heck
type intermiediatel7 which was subsequently followed layMichaeltype addition yieldng the

desired isoindolinone48 (Schemel 6).83 Again, elevatedtemperaturesvere requiredesuling

in limited applicability
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ZEWG B o ]
0o 0
RhCp*Cl,], (4 mol % _Ar
N N,Ar [RhCp*Cl,], (4 mol %) N N N
RT H | R I H — Ry N—Ar
" Ag,CO3 (2.0 eq) =
MeCN, 110 °C, 12 h
46 47 EWG WG
L _ EWG = CO,R, CN
48
19 examples
45-96%

Schemel6: RhCp*catalysed oxidate olefination/Michael addition to access isoindolinones eitoor
alkenes.

Despite advances in this fieldirect formation of fivemembered isoindolinones froMralkoxy
benzamides witha broader scope of alkenes under milder conditions would be blajua

particularly when exploring novel scaffold types.
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1.2 Project Aim

With an wnderstanding ofthe use of N-alkoxy benzamides inRh(lll)-catalysed €H
functionalisation,and typical routes to isoindolinones, a new synthetic route to this valuable
saffold was envisionedwith the hope of deveping it in such a way to also accessexplored
NP-like compoundsA principle aim of the projectvas to develop a RHI)-catalysed &+
functionalisation protocol, coupling-alkoxy-protected benzamidéke 49 with a designedrtho-
substituted styren®ore specifically, detheredrtho-substituent on the styrene bearing a leaving
group 50 would lead to the -membered ring rhodacyckeEl. Howevey instead of the reductive
pathway to DHQ%$2, the aim wasto sceen conditions in order tiorce its preferred pathway
toward elimination. This could not only manipulate the reaction pathway toward novel
isoindolinones 53 but also facilitate access toa second class ohatural productike

(isoindolobenzazepindgl) via an S2 reactionSchemel?).

O
N,OR
H QO x
49H [RhCp*Cl], Preferential O NH
+ 3-H
liminati
CC 5= =
X
Reductive
50 pathway E
X= leaving group ¥

group (e.g. OTs, OMs)

Schemel7: Design hypothesis to access isoindolindsig@and isoindolobenzazepingd usingN-

protected benzamides withitho-substituted styrenes.

According to the current literaturéhee is so far no systematic study for the synthesis of these
scaffolcs. Therefore, establishing a reliable method would enable access to two unique and
biologically relevant compound libraries and as subbs¢ compoundshouldbe screened in

biological asays to determine if they would be a source for novel bioactivity.
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1.3 Results and Discussion

This work was carried out in collaboration with. Saad Shaabaiffihe results were reported in:
Chem. Eur. J202Q 26, 1072954

1.3.1Background and Initial Results

The chemistry of coupliny-OPiv benzamide22 with alkenes is knowto produce 3substituted
DHQsand, in the case of styreBb, the 3substituted derivative there®8.°°¢%n 2018Perekalin
et al. reported thatheuse ofthe N-OBocbenzamidé7 led to the formation of regioisomer, DHQ
59 as the sole product (Scherh®).®® The reasoned sweh in regioselectivityvasattributed to

R = Piv 56
[RhCp*Cll, NH o
9] 3
Ph
_OR
N LY
H Ph o
H

49 55 > NH
R = Boc 57 4 59
[Rth*Clz]z

steric hindrance.

Ph
Schemel8; Effect of the alkoxy substituent on the regimmtrol of the RhCp* €H functionalisation

with styrene.

However there isso far noreportemployingortho-substituted styrenes, a key componenhef
reactionhypothesislinitial investigationdegan with the reaction &f-OPiv benamide, 56, with
designed styren80, understandardeaction condition§Schemel9). Surprisingly, the reaction
resulted m a mixture of regioisomerdl(9.5), in which the major productvas the isoindlinone

62
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OMs
O * 0
. [RhCp*Cl,], (1 mol%)
N/OP|v =
H * CsOPiv (0.25 eq.)
6 60 MeOH [0.1 M]
84%

Schemel9: Initial reaction of designedrtho-substituted styren@0 with N-OPiv benzamid&6 to give

isoindolinone62 as the mir product.

This result suggested a need to evaluate the effect oftth@substituent on the styrene and also

the effect of the alkoxy group.

1.31.1Solving the PuzzleExploring the Effect of Ortho-Substituted Styrenes
Investigation began with th&creening of differenbrtho-substituted styrenes and compared the
outcome when usindN-OPiv- and N-OBocbenzamides (Tabld). In accordance with the
literature, the reactionof N-OPiv benzamid&6 with styreneprovided DHQ-AY, whereasthe
reaction withN-OBoc gavea 1:10 mix ofisomersA and C. With the addition of aartho-
substituent, a mixture of regioisomers (A and C) was observed\Na@PRiv, but in all cases, C
was the major product. However, when udi@Boc57, regioisomer Qvas obtained as the only
productin all cases. The structures of A and C withr@mostyrene were confirmed by-Ray
analysis (Figureb). Importantly, regioisomer B was never obtained in any of the reaction

conditions.
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O
oR! Conditions? NH R2
N/
H R2
1

Table 1: Study of the efé of ortho-substituent of the styrene moiety on regioselectivity.

Styrene, R H (55) Me (63) Br (64) CH>CH>OMs (60)
R! = Piv (56) R A:C A:C A:C
1.75 1:34 1:95
R!=Boc(5 A:C
() C C C
1:10

[a] [RhCp*Cly]2 (1.0 mol%),CsOPiv (25 mol%niMeOH [0.1M] at RT for 14h. Yields were determined

'H-NMR using 1,3,8rimethoxybenzne as internal standard. Ratios were determined from thétdridiéR.

Figure5: Crystal structures to confirm the structures of regioisorAeasd C withfrom the eaction

using2-bromostyrene

Moreover,compared t@n alternatie synthesis of DHEB 59 (with noortho-substituentyeported
by Ellmanet al, the key characteristigroton(adjacent to the nitrogeighemical shiffor DHQ-

B is 4.32 ppm® This was in contrast to the reports of Perekafid.81 ppm It was therefore
concluded thaprevious reports of Perekalin and also Cragesantioselective versiof) had
erroneously assigned-@HQ and instead they had also been forming the-nfembered

isoindolinoneC.
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1.32 Reaction Optimisation

From the outset, we explored the reaction conditions uSH@Piv benzamide6 with 2.0
equivalentsof the designed styrer@®. Despite our initial result foning the isoindolinoné&2 in
excellent yield (Table, Entry 1) further optimisation was needed to reduce the formation of the
3-DHQ 61 in favour of a more selective reactidnitial changes in solvent led to reduced yields
and/or selectivity (Entries-3). Reducinghe stoichiometry of thetyreneled to an improvement
in the totalyield up to 93%(Entries6 and 7, butoffered no additional improvemett selectivity
unless heated which compromised yigaitry 8). The reaction was also performed WNHOBoc
benzamideés7. The resulting yields were comparatively lower than Wt®Piv but importantly
the isoindolinones2 was formed exclusivelyThere wasalso no significant difference in yield
whenusing reduced equivalents of the styrene or increasaigthperature (Entries®l). Further
optimisation of the base (Entries-18) revealed that aatalytic amount of potassium acetate

KOAc in methanol (Entry 15)esulted in the formation of desired prodé2in 74% isolated yield.
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[RhCp*Cls]5 (1 mol%)
Base (0.25 eq.)
Solvent [0.01], RT, 16 h

Table 2:General reaction optimisation of solvent, base, temperature and directing grc

Entry R Solvent Base Total yield (%)? Ratio (62 61)
1 Piv MeOH CsOPiv 84 83:1
2 Piv DCM CsOPiv 46 56:1
3 Piv MeCN CsOPiv 27 8.0:1
4 Piv HFIP CsOPiv 0 _

5 Piv Toluene CsOPiv 71 10.8:1
6 Piv.  MeOH (1.2 styrene) CsOPiv 86 86:1

7 Piv.  MeOH (1.5 styrene) CsOPiv 93 6.8:1

8 Piv MeOH (40 °C) CsOPiv 69 12.8:1
9 Boc MeOH (2.0 styrene) CsOPiv 70 >99:1

10 Boc MeOH (1.5 styrene) CsOPiv 70 69)° >99:1

11 Boc MeOH (40 °C) CsOPiv 71 >99:1

12 Boc DCM CsOPiv 43 >00:1

13 Boc MeOH KOPiv 60 >99:1

14 Boc MeOH CsOAc 77 >00:1

15 Boc MeOH KOAc 84 (74¥ >90:1

16 Boc MeOH K2COs 19 >99:1

17 Boc Toluene KOAc 24 >00:1

18 Boc MeOH - 0 -

[a] Determined byH-NMR using 1,3,&rimethoxybenzene as the internal standard (1.0 equiv.). [b] Isolated

With these optimised reaction conditiotise use of different protecting groups on the benzamide
was also explored (Table 3). As mentioned preiously, the Boeprotected amide led to the
formation ofisoindolinone62in a completely regioselective mantert interestinglyacetyl (Ac)

and Cbzprotectehenamides also producdé® exclusivelyalbeit in slightly lower yields (Entries
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3 and 5). Théenzoyl (Bz)protected amide displayed lower regioselectivity (EntrwHilst the

Me-protected benzamide showed no reactivity (Entry 6).

0] OMs 0 MsO
0]
RhCp*Cl 1 1%
N/OR [ p*Clo], (1 mol%) O NH . NH
H KOAc (0.25 eq)
MeOH [0.01], RT, 16 h
61 62

Table3. Effect of thealkoxy benzamide protecting group.

Entry R Total Ratio

yield %@ (A :C)
1 Piv 84 1:8.3
2 Boc 84 Only C
3 Ac 75 Only C
4 Bz 77 1:26
5 Cbz 71 Only C
6 Me - -

[a] Determined by FNMR using 1,3,8rimethoxybenzene

as an internal standard (1.0 equiv.).
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1.3.3 Scopeof Substrates

With final optimised reaction conditions in hand, we proceeded to study the scope of this
transformatior{Scheme20). Differentalcohol protecting groupsn theortho-substituted styrene
(OAc, OTIPsandNHTSs) werewell tolerated giving the desired isoindolinoria yields ranging
from 58% to 87% &7b-d). Interestingly, the reaction also proceeded wdththe free alcohol
(673), indicating it does not interfere with the Rh catalyst during the rea@&itiarent functional
groups CI, F, Me,)in varying positios on boththe arylbenzamideand styreng were tolerated
to yield the desired adducts in good yiel@%f{n). Conversely, hie nitresubstituted benzamide
670 wasisolated in low yield but was used to confirm the isoindolinone structuneclays of X
Ray crystallography.interestindy, also observed by Rovist al, was the influence othe
benzamidenetasubstituenbn theregioselectivity of the CH activation® In this casethemeta
methyl derivative yielded only a single regioisomer in high yiédk), whereasits chloro

analogue gave a 1:1:3 mixture of regioison@&tsand6 7.1 6
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X X
0 N [RhCp*Cl,], (1 mol%) 1
N N,OBoc . N KOAc (0.25 eq.) - R
R H R?T
Z = MeOH [0.1M], RT, 16 h )
65 66, (1.5 equiv.) 62, 67a-0 —7 "R?
9 Mso 9 Ho 9 AcO 2
O NH O NH (70T
62, 74% 67a, 49% 67b, 63% 67c, 58%
0 o) o) 0 \1sO
O NH NHTs OO NH NHTs O NH NHTs O NH
. oy o O
67d, 87% 67e, 48% 67f, 28% 679, 61%
9 Mso 9 Mso 9 Mso 9 Mso
Me
L ¢ U L
C' Oy O ) S
67h, 77% 67i, 61% 67j, 74% 67k, 80%
o) o)
MsO TsO
cl O MsO O MsO
|O NH O NH
O NH O NH
Q Cl Q Q 0 Q
0/' OMe
671, 67I' (1:1.3 rr.), 81% 67m, 40% 67n, 55%
o MsO

670, 18% O’%‘"

Scheme 20Scope of Isoindolinonesvith structure confirmation by -Ray crystallography.
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1.3.3.1 Reaction Limitations

During the course oéxploring the substrate scom®me substrates probed were not successful
(Figure 6) In particular, anyortho-substiuent on the benzamide led to trace or no product
formation. This configuration was tried with different electronic groups of varying sizes in order
to determine an explanation, but all failed to provide the product. Disappointingly, carbonyl
derivative67u andelectron richsulphur containing heterocyclé3vand67w also provided only

trace product.

67p 67q-t 67u
R =F, Me, OMe, ClI

o MsO O MsO

w

NH S NH

67v 67w

Figure6: Unsuccessful substrates.

1.3.4 Access toNatural Product-like Isoindolobenazepines

The isoindolinonescaffold under basic conditiongould be used tdanduce a cyclisatiorand
eliminak the inbuilt leaving group that originated from the ftesigned styrenelhis would
result in ansoindolobenzazepine scaffd@thatis commonly foundn theaporhoeadanakaloid
family that includescompounds like lennoxamirg9 (Figure 7). However, nembers of this
alkaloid family, to the bset of our knowledge,have not previously showrsignificant
pharmacological actiwt but their unique structural features render them attractive synthetic

targetsn the hunt for novel bioactive compounds.
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o]
MeO
N
o~
0]
o
68 69
Isoindolobenzazepine Lennoxamine

scaffold

Figure7: lllustration of theisoindolobenzazepingcaffold and a NP containing isolate from this family.

In this regardthe development ch onepottwo-step reaction, where-8 functionalistion is
subsequently followed by cyclisation, would l& simple and efficientway to afford
isoindolobenzazepingerivatives

1.3.4.1 Reaction Optimisatiorfor the One-Pot-Two-Step Synthesisof

Isoindolobenzazepines

Initial attempts to induce cyclisation usedmmon bases (i.e. LDA, KOH, NaH), however this
resulted in little or n@onversion of starting materidl.was found that potassium tdatitoxidein

THF gave a reasonable yield of 50%aishort reaction tim&0 minutes (Tabld, Entry 1) Other
solvents were tested to find DCM gave a slightly better results and sol(Bitityy 3) so was

taken forward to explore other parameters. Reducing the stoichiometry of the base to 1.0
equivalent had a detrimentdifect on the yield (Entry 5), wherem&reasing the concentration to

0.1 M increased the yield to 60% (Entry 6) but ndHer significant increase was achieved at 0.25

M (Entry 7). Continual increase in the quantity of b@satries 79) revealed 3.0 equivalents to be

optimalat a concentration of 0.05 M for 30 minutes, with an isolated yield of 67% (Entry 8).
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0]
KOtBu N
_—
Solvent [M] R
RT, Time 7 \
68 X

R2

Table 4: Cyclisation optimisation for the formation of isoindolobenzazepines.

Entry Solvent Temp.cC) Base Conc. [M] Time Yield (%)@

equiv. (mins)

1 THF RT 2.0 0.05 10 50
2 MeCN RT 2.0 0.05 10 28
3 DCM RT 2.0 0.05 10 53
4 DMSO 50 2.0 0.05 10 -

5 DCM RT 1.0 0.05 10 32
6 DCM RT 2.0 0.10 10 60
7 DCM RT 2.0 0.25 10 63
8 DCM RT 3.0 0.05 30 67°
9 DCM RT 4.0 0.05 10 52

[a] Determined by*H-NMR; 1,3,5trimethoxybenzene internal standard (1.0 equiv). [b] Isol:
yield.

1.3.4.2Scopeof Substrates

After obtaining ideal conditions, a diverse scope ofindolobenzaepines were synthesis
(Scheme2l). Multiple N-Bocbenzamides with electron donating and electron withdrawing groups
were converteduccessfully(68a-q) in moderate to very good yieldShis includes lipophilic
groups such as MéPr and naphthalene but also halogenated substrates that can often provide
favourable biological propertieBor structural confirmationhe para-chloro product §8g) was
subjected toX-Ray analysisimportantly, iomo- and iodederivatives 68f and 68) were also
toleratedoroviding the opportunitfor further synthetic elaborationa cross couplingAdditional
substituents on the styrene, electdwnating and withdrawinglso worked well affording the
desiredproducts in moderate yield68n-q). In particular, the Cstyrene provided the desired

compound §80) in excellent yieldn contrast to the electron donating groups.
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1) [RhCpP*Cly], (1 mol%)

o X OMs KOAc (0.25 eq.)
OB MeOH [0.1M], RT, 16 h
N NTOC
R H
= .
R2 2) KOtBu (3.0 equiv.)

DCM [0.05M], RT, 30 min

65 66, (1.5 equiv.) 68a-q
o) o) Q o)
SO
H Me MeO
68a, 79% 68b, 62% 68c, 69% 68d, 40%
o 0 o}
N N
‘&0 N b &Q O OO
Br ]
68e, 72% 68f, 55% 689, 74%
o} 0
N 3 ?
N
ao~-0 OO LD N
A0 OO
FsC | Cl
68h, 58% 68i, 68% 68j, 72% 68k, 44%
0 o}
] ) N N
N N
AL el SO
o)
cl MeO MeO  OMe
68l, 68I', (1:1 r.r) 72% 68m, 68m’, (1:1.1 r.r) 66%
o) o] Q o)
N N N N
0 OO O N, OO
OMe CF3 OJ Me
68n, 50% 680, 80% 68p, 31% 689, 39%

Scheme 21Sce of isoindolobenzazepinedth X-Ray structural confirmation.
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1.3.5 Mechanistic Investigation
In order to propose a plausible mechanism for the regioselective formation of isoindolinones, we
performed select experiments and DFT (Density Functional Thecmiculations of key

intermediates.

1.3.5.1 Deuterium Labelling

The GH functionalization reaction was performed under optimal conditisisg deuterium
labelled styrene60 qScheme22, eq 1) This afforded the desired, deuterium incorporated,
isoindolinoneproduct67p. ThroughtH-NMR analysisit was determined that one deuterium atom

had remained on the original carbon of the styrene starting material but the second deuterium atom
had migratedAdditional experimentsnvolved submitting possibleeacton intermediatestarting

material to the optimal conditions. Interestingliie tiRhydride elimination intermediateith

simple styrene and designed styrditenot yield the cycsation product (Schen?, eq 2 and 3).

These findings supported the notithrat theformation of the isoindolinone is neta a typical
Michaettype additionwhich agreeswith the fact that RhCp* does not catadya hydroamination

reaction®?
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O Mso

OBoc Optlmlsed (eq 1)
conditions
57 60', 90% D 67p, 77%
90%D
@]
_OPiv .
O /H Optimised No cyclisation (eq 2)
O conditions product
69
Optlmlsed No cyclisation (eq 3)
P product

O condltlons

Scheme22: Results of the deuterium labelled experiment atditional experiments to replicate
intermediates.

1.3.5.2 Computational Experiments

All simulations and calculation performed by Prof. Dr. Christian Merten.

Additional canputationalanalysisof thereaction ofN-OPiv benzamid&6 with designed styrene
60 wereperformed(Figure8). The calculations begin with the pentarhodacytleconverted to

Il via insertion of the styreneGratifyingly, the resultsindicatal that theformation of key
intermediaté/ from 1l is energetically favared over the pathway leading to dihydroisoquinolone
A. Notably, as the energy difference betwdinto IV andlll to A ds not so large, it explains
why minor amounts of DHEA can be formedOverall, this analysissupported that Rydride

elimination is preferred with styrenes.
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M06-2X / 6-31G(2d,p)
(Rh: LanL2DZ) /PCM(MeOH)
Relative Gibbs Free Energies in kcal/mol

Figure8: Computatiomal analysis showing calculated energies for the proposed key intermediatds@iiv benzamide.
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1.3.5.3 Poposed Mechanism

Based on themechanistic investigation angrevious report®°°°l the proposed mechanism
(Scheme 23)for thereactionis initiatedby ligand exchange tform the active catalyst Insertion
of the rhodium species into the-HC bond affords pentarhodacycleéntermediatell which is
followed by nsertion of the styren® provide theseveamembered ntallocyclelll . This key
intermediate mayundergo reductive elimination to dihydroisoquinoloA€%, however, the
coordination othe tethered group to the Rh, fawsthe3-hydride elimination pathway leading to
rhodium hydride specid¥ . Subsequemnnigratory insertiorof the hydridento the olefinprovides
thesix-membered ring rhodacyclé Lastly,reductive elimination followed by-O bond cleavage

delivers the desired isoindolinone.

O NH [Cp*RhCI2]2 o
.OBoc
O J KOAc ”

c H
Cp*Rh(OAc)2 1b
|
HOAc
O
©\/Z</N—OBOC
R
n CP
//\/\Ar
? LOBoc e} :
N I :
Rh-Cp* i NH
3-Hydride ' !
elimination Ar : Ar
H : A ;

Scheme3: Proposed mechanism for the RhCgetalysed formation of isoindolinones wthkOBoc

benzamides witlertho-substituted styrenes
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1.3.6 Biological Evaluation

Given tle novel nature of the two compound clas$ies libraries of both isoindolinosend the
cyclised isoindolobenzazepines wenaitially subjected to several cddlased assays.The
Compound Management and Screening Center (COMAS) of the Max Planck Institute of
Molecular Physiologwre able to perform higthroughput screening of assays/eringbiological
pathways associated with processes such as autophagy moduaiimose uptake, reactive

oxygen species (ROS) formatidynurenine poduction andsteogenesis.

1.3.6.1Hedgehog (Hh}Dependent Osteoblast Differentiation

Misregulationof molecular ggnalling pathway¢hat are responsible foellular processes has been
directly associated with a variety of disea€8sThe fedgehog (H) signallingpathwayis critical

for normalembryonic developmentutis also importantn adults forstem cell homeostasis and
regenerating adult tissué$° Abnormal regulation of Hisignallingis involved in severe birth
defects and various types of cancer, including basal cell carcinoma and medullobi¥stdma

Thereforejdentifying novel small moleculehibitors is of high interest.

Bone formation otherwise known as osteogenesssa complex regeneration process tisat
regulated by many signalling pathwayscluding Hedgehog (Hh).During this process,
osteoblastswhich differentiatefrom mesenchymal ste cels (MSCs) are responsible for bone
developmen!® This differentiation of cells requires Hiignalling and as a result this process can
beused by means of a phenotypic assayidentify possible pathwainhibitors.

In order to investigate the effect of small molecules on Hh signallikidy-dependent osteoblast
differentiation assawith C3H10T1/2 cellsvasemployedfor primary screenig (Figure9).°%°71

The Hh pathwayganbe activated using the Smoothen&MO) agonist purmorphamingél. The

inducedHh signdling leads tothe differentiation of MSCs into osteoblasts and, thereby to
expression of the osteobl as (AP)&PpThe activiiyof thisar k e r
enzyme serves as a measur e ftohwhetdupod teeptmentdvehn t o0 s
CDP-Star, a chemiluminescent substrate for alkaline phosphatsa&blesfast detection of

biomolecules by producing visible light
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Differentiation Induced

\

C3H10T1/2 Cell
Mesenchmyal Stem Cell Line

Osteoblasts

Induced
Hh-signalling
CDP-Star CDP-Star @

Luminescent
Readout
71

Purmorphamine O

Figure9: General assay principle for osteoblast diffeiggitn

With compound treatmepinhibition would be shownia areduceduminescenteadout.
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1.3.6.2Novel Inhibit ors of Hh-Dependent Osteoblast Differentiation
Additional biological investigation angssaysvereperformed byDr. Jana Flegel

When sibjected to the osteoblast differentiation assay the screen reseatrdl derivativedoth
isoindolinones and isoindolobenzazepiriebjbited Hrdependent differentiation of multipotent
murine mesenchymal progenitor stem cells into osteobledésestingly, early results of both
isoindolinones and isoindolobenzazepines revealed inhibitory effect. For the isoindqlthenes
was a clear difference in the actividgpending onhe heteroatonon the alkene tetheeven with
the chloro-substitution atifferent positiongFigure10, 67f and67[). The NHTs proviéd a half-
maximal inhibitory concentratio(iCso) of 2.1 £ 1.1 puMwhilst the mesylate group was more
potent with anCsp of 1.1 + 0.5 uM. However,isoindolobenzazepin&8r, gave ariCso of 0.6+
0.2 uM. When compared the ace@&m, it would seem the position of the chlesabstituent is
key to activity. Of course, with this initial small screen, significantly more testing to establish a
structureactivity relationship (SAR) would be needed pastarly with the cycked
isoindolobenzazepines. Furthermore, in order to determine if theirasggnalling inhibitors

more indepth biological experiments should be performed.
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Figure 10: Influence of isoindolinonesnoHh-dependent osteoblast differentiation of C3H10T1/2 cells.
C3H10T1/2 cells were treated with ESvppurmorphamine and different concentrations of the compounds

or DMSO control. After 96 the activity of alkaline phosphatase was detected by using alohenescent

substratéo determine activity The DMSO pur morphamine control was ¢
+SD and representative of two biological replicates, each performed in three technical re@icigteso

technical replicates f@89. 1Cso values of the isoindolinones, obtained from the respectiver@spense

curve shownTo determine 16 values, threefold dilutions starting from 8 0Mwere used.
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1.4 Summary

The development of novel-8 functionalisation reactions has delivered usgnsformation of
scaffolds commonly found in bioactive compounds. In this caseval synthesisdelivering
unprecedentesoindolinonederivativesvia a RICp*-catalysed GH functionalsationreactionof

N-OBoc benzamidewvith specifically designedortho-substituted styrenesas establised. The
method itself yielded a varietf examples in excellent yield under room temperature conditions.
Unfortunately, the method was limited with regard to havingoaho-substituent on the
benzamide starting matatiandsomeheterocycles were also not toleratdtevertheless, this
method also provided an alternative route toward novel isoindolobenzazepine derivatives, the

fundamental core structure of a family of indole alkaloid natural products with the same name.

Through mechanistic investigatiowhich included deuterium labelling and computational DFT
calculationsthere is strong evidence supporting a mechanistic hypothdsisyolride elimination
followed by the formation of a simmnembered ring rhodacycke yield the isoindolinone. In
addition, it is clear thahe combination of th®Bocprotecting group and tr@ordinatingortho-
substituentetheron the styrene proved be responsible fdavouringthe exclusiveformation of
the fivemembered ring.

Selected isoindolinoneshowed moderatmhibition of Hh-dependent osteoblast differentiation.
However the establishment oh&AR is necessary in order to increase actitpm here, further
biological investigation would clarify if they actuallgre Hh-inhibitors. Neverthelessboth
compound classes demonstrated novel bioactivity, not seen before with these scaffolds and the

early results are promising.
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Chapter II: Synthesis of Apoxidole PseuddNatural Products
Reveals Novel IDO1 Inhibitor

2.1 Introduction

In addition to developing new synthetitethodology taacceswdiologically interesting NFike
structuresdesign strategie® yield biologically relevant small moleleucollectionshave also
been developed. Several methtdsebeen specifically designed tmmbat the lack of diverse
chemical scaffold®®! In doing so, thepravebecome powerfulools, affording complexNP-like
structures thatefficiently navigateinto previously unexplored chemicapace whilstyielding

bioactive compounds.

2.1.1Natural Products: Inspiration but not a Solution

Theincrediblerange ofstrudural and stereochemicabmplexity of natural products (NPd)as
provided starting poisin the hunt focompound classélat modulate biological systenis fact,

a recenteport by Cragg and Newmdiound that32% of d approved drugs from981 to 2019
areNPs or NPderived™® |n part, this is no surprise, &s have been refindy evolutionto
ensureoptimal interaction with biological targetBherefore, NPsan be treated assaurce opre-
validated substructures fairug desigrit®* Nevertheless, NPs can Wéficult to isolateand/or
synthesis in sufficient quantities due to low biosynthetic or chemical yiekdsthermore, NPs
cover only a fraction of Nfftke chemical spacé® As such,NPs have limitations but can serve

as inspiration to guide ¢hexploration of biologically relevant chemical space

2.1.1.1 Diversity Oriented Synthesis (DOS)

First coined in the seminal work of Schreilstral, diversity-orientedsynthesigDOS) aims to

produce compound collections with high structural and funatidiversitythat resemble NPs, but

in a rapid and efficient mannéf31%4Through the use of simple building blocks, in no more than

five synthetic step8®! unique compound librariesvith the molecular complexity of NPare

obtained The most challenging butrucial concepis the generation of high levels of skelet

diversity within the library. In order to achieve this, DOS requitdssor war d synt heti c
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where the products of each stegias abranchingpoint for future substrates (Figutd).*° Due
to the deliberate divergemynthetic routeghe compounds generated easitgupyvariousareas

of unexploredchemical spacéut the resulting interesting small molecules avé mecessarily

biologically relevant.

<o

Diverse

A()A Target Structures

Forward Synthetic

Simple and E Complex and
Similar

Diverse
Analysis

Figure1l: General principle of DiversitPrientedSynthesis (DOS}¢!
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Generating the diversity in DO8as been refined over timapow generally following the
Aibui | d/ c etratpghy*®!/Thisarivalvesii b ui | d i n g o(chirah startingeetpmeints e d
which are then subsequentlyi ¢ o udpih @rd intermolecular fashiorio yield a densely
functionalied moleculeT h e f i n a lis infrgmalecular, wghodijfferenfunctional group

specific reactiongeneatingdifferentfinal NP-like smal molecules.

An interestingexample was reported by Comet al. (Scheme24) who built alkylated 1,3
dicarbonyls72 andsubstituted-nitrostyrene§ 3andcoupledthem together in an enantioselective
Michael addition reaction using ainchona alkloid-derived organocataly8f® The resulting
compound74 could then be undergo different pairings of the functional groups with different

reaction condition tgenerate skelétdiversity 75-77.

o® OMe
Pair NO,

alkyne/alkene

R1
R, = CH,CHCH, .O

0 o |75
R OMe 00 0 o
Build 72 R OMe Pair R
X _ Couple X alkyne/nitro OMe
— — NO, —————
NO, R? /]
= o-N R2
2
R 74 76
Pair 1
ester/nitro R Oo
L pr—
73 " R2
NH
77

Scheme24: Example of the buileouplepair strategy using simple starting materials to generate diverse

complex structured®
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2.1.1.2 Complexity to Diversity (CtD)

This elegantapproach instead ofusing simple building blocksto build toward an NHke
compouml, employsNPs asthe starting pointPioneered bydlergenrotheset al, this method is
commonly r ef eCompkexdtytotDo v a 5 s i .88 Thererplextyl commonly
associated with stereochemistry, functionality, and other appendages are phesshy inthe

initial NP. The focus lies in altering the structure through ring disto(Eaure 12]) such asing
expansionl, ring cleavagdll , ring rearrangementd/ andring fusionsV (Figure12, abovg

This allows rapid access to challengiNg-like structureghathavemarkedly differentmolecular
topology to the parent NFbut maintainsbiologicd relevance Such transformations can be
consicered to be an extension of biosynthetic pathways, where enzymes manipulate the structure

change.

Some examples of natural products that have been successfully distorted into novel chemotypes
through the use of the CtD approach includiberellic acid!® adrenoterong!?
sinomeniné*Y and limonin.*'? Notaly, the strategy has producemmpounds withunique
biological activitythat differ from the parent NAFor examfe, pleuromutilin 78 was explored.
Analogues of the ring contraction productpdéuromutilin 78a (Figure 12, below led to the
identification ofa potent inhibitor othioredoxin and rapid inducer of ferroptotic cell delatf

The dependency of thisonceptis on natural product starting materiakgat cause limitation in
terms ofthe number of available and compatible NPs. The complexity of natural products also
means that there mdye reaction sensitive groups that limit the transformations, this can lead

tedious screening of compatible conditions, additional steps or low yielding reactions.
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Natural Product

X 28

Ring
Rearrangement

Ring Expansion

(or contraction) Ring Fusion

Ring Cleavage

78b

Pleuromutilin

Figurel2 The four key strategies employed by the Cpraach with general structural examples
(above) and demonstrated with NP, pleuromutilin (below).

2.1.1.3 Biology Oriented Synthesis (BIOS)

In contrast to DOSwhere the focus ipredominantly on exploring chemical spatteg aim of
BIOS is to generate teuctures thatoccupy biologically relevant chemical space from the
outsefi!'+1191|t js well known that NPs occupy chemical space that is biologically releN&st.
are designed to interact with variobi®logical entities, indicating thaheir molecular structure

contains privileged information that enables them to daike CtD, BIOS also begins with NPs
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but the designsimplifies theNPtoabasi ¢ core structure. I n theo
scaffoldo retains some form of bioactivity fr

leading to novel compounds with enhanced or even different bioacBaheme25).

Simplify N Decorate N A
N g N —
H > N H
79 HOTY, 80 81
Yohimbine

Scheme25: Simplification of a NPYohimbineto leave a core scaffold for modification (BIOS).

For BIOS totransitionfrom theory to reality, significartheminformatic analysis of NRising the
Dictionary of Natural Products (DNP) databases performed!®’l The end result was
structural classification of natural products (SCONR)eabranchrepresentation of underlying
structural franeworks(inc. oxygen and nitrogertheterocyclesand carbecycles)examining the
chemical space in whidiPspopulate'”l This gradual simplificatiorfrom NPto small building
blocks is an importartiierarchical toolthat can be used as templatesbuilding pe-validated
compound libraries.The BIOS concept has been successfully demonstrdatedugh the
simpilification of silphienes82, to obtain an iridoid scaffolavhich arefound inNPsreported to
exhibit neuroprotective or neurigowth-promoting propertiesA [3+2] cycloaddition of
functionalised fusegentenong83 with allenes generateainovel iridoidlibrary that led to these

compounds being identified as neurite growth promd&caeme26).[118!

O]
Simplify Decorate
— f—

OMe

:

83 CO,Et

82 Novel neS:te rowth
Silphienes Iridoid 9
promoter

Scheme26: BIOS concept applied to the discoveryddffrom a simplified iridod scaffold83.
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However, the logic behind BlIOSan be its own hindranc&Vhen consideringthat NPs are
responsible for a mere fraction of all chemical space, B&D8s to generatgructurally focused
libraries that lack thehemicaldiversity ofstrateges likeDOS.lIt is clear BIOS targetsioactivity,

but withthe corescafbldspresent irthe original guiding NPs, therga limit to how much further
the resultingproducts will extend into chemical abhoblogical space-rom a biological viewpoint,

this risksretairing the saméviological activity as the guiding N’

2.1.1.4Fragment-BasedDrug Discovey (FBDD)

Initially designed to combat high attrition rates in drug discovery, FBDD has become increasingly
important in the race to find novel bioactive compouids In contrast to HTS campaigns, where
large libraries (422 million compounds) of complex structures are screened, FBDD uses smaller
libraries (-2 thousandcompounds) of simpler molecslB?%'21 This strategyactually explore
chemical space more efficientlyhe theoretical premisbehind FBDD isthat there is a higher
probability of a match between a ligand aindingsiteif there are fewer iteractions teatisfy

and higher complexityisks unfavourable interactio&?

Conceptually, FBDD starts by screening libraries ofloslecular weight compoun@$50 < MW
<300,so0c al | ed f,hopirstpiaeget bf sntereBt3124If a fragmentindsit is normally

a weak interaction with low potency (MM topM) However, this initial
a structuralunderstanthg of its 3D-binding environment usindpiophysical methodsuch as X

Ray crystallographyNMR and thermal shift assaginding only)*?” The starting fragment can
thenbe elongated andptimisedto evolve intoa more druglike compound with higher affinity
(Figure 13)

Target Protein

Fragments Hit-to-Lead -
Optimisation

Binding-mode

Figure13: Conceptualised view of FBDE?®!
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Despite thenitial potency ofs ¢ r e ehitsd bbeigg ldwer than that of H3, FBDD offers moe

efficient monitoring of ligand efficiency and physicochemical propetiging optimisatiort?”!

There are not necessarily strict rules with regard to what qualifies as a fragment but there have
been proposed guidelines. Msuggesting d t)a bMW G h3e0 Of rl
(lhydrogen bond do naod(ig LogPOd.'3d%d Additpprialpmysicochentcal

propeties for a fragmenhaveincluded three or less rotatable bonds and a polar surface area less

than 60 & %% but adhering to such guidels®o strongly may be a hindrance, not a hklgact,

NP fragments will often disregard these rules, in the same way that NPs do not fit the Rule of 5.

Most compound libraries used in FBDD are baseprimileged substructuresf known drugs and
drug candidates. Aavouredfeature in such compousds sg centres which often affords flat
structured!® Therefore, limitations in FBDD originate from two main areas. Firstly, fragments
target chemical space already expldogdinal drug compounds and secondagment libraries
lack 3D shape and SgharacterWith a realistion that 3D shape and®sfichness may bediter
starting points for drug®fforts are being made to include these featuwr&8DD libraries.

Approachesy Overet al. and later Lizost al to meet thisdemandembarked omleconstruction
of NPs into fragment8!61281 NPs are enriched in stereogenic tces andare inherently
recoquised byprotein binding sites. This mesthey are able texploreareas of chemical space
that arenot explored by synthetic compouné@articularly usefulvas thecheminformatic method
developed by Oveet al thatsequentlly deconstruad over 180,00@aturalproduct structure
(similar to the SCONP algorithmadhering to the Ro3p obtaina library of 2000 NRlerived
fragmentd!!® Importantly, they are highly diverse and rich in® spereocentresin terms of
application, they discoverducyclic cytisine/sparteinfagment derivatives ashibitors of p38a

MAP kinasebinding to the allosterisite of the enzym&*8
Overall, FBDD screeningvould benefit from incorporating sudWiP-basedragments Thiswas

emphasisa, when a study biertet al found that83% of the core ring scaffolds presentNRs

are absent from the availabt®lecules and screening librariés!
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2.1.15 PseudeNatural Products

With the knowledge thateither synthetic compounds naatural products cacover d chemical
and biologicalspace alonethe pseudd\NP approactstrives to delivehybrid compounds that
explore both'3%% |n order to achieve thid\P fragmentsare synthetically (re)}combinedin
arrangements not found in natwweafford distinct compound classes. These ps@l®resemble
NPs in structure and complexity but extend beyond them with regard to chemicalBjgace
14). Furthermore, as each fragment encodes biological relevaecenbining different fragments
may providea favourable platform to deliver unprecedented bioactivity. Importanththstic
(re)combinatios should beof fragments that arbiosynthetically unrelatedor combined in an
orientation not previously seen in B33 This twopronged strategic approagitovides
libraries of divers@pseudeNPs as an elegant solutidghat mayavoid overlaping with previousy

exploredchemical and biological space.
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Natural Products

C|35H11

N
M “or
0”0 Ho _

MeO,C P “ _\j\
OH o} O//\oH

Natural Product Fragments

Qj
|

Combination

\ /"o (i N-@

Pseudo-Natural Products

Figurel4: Theoretical examples of the pseuldB method by deconstruction of NPs to NP fragments

followed byde novorecombinatior!®?

To accespseudeNP libraries, one mugdecidehow a fragment will be installedror example,
considering whether to use fragmeassstarting materials that have functional handles to enable
the introduction of other fragments. Alternativéhagmentscould be constructed be®oor during
the synthesis using complexity generating or intramolecular reacfltmes flexibility of the

pseudeNP concepthas allowed the development atimerouspseudeNPs that have also,
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gratifyingly, revealed novel bioactivés[*31% 40 The first reporte@xamplearethebridgefused
chromopynonesvherebiosynthetically unrelated chromane and tetrahydropyiimite (THPM)
fragmentswere united (Figure 15a).1** This was eabledvia construction of the THPMn a
Biginelli reaction followed by an intramolecular clsation. Bological investigationsof the
resultant libraryrevealed thatthe chromopynonesare selective inhibitors of the glucose
transporters GLUTL and-3, and inhibit cancer cell growtAdditionally, it was discovered that
neitherfragment, individually, showed the same inhibitory acyiviherefore the combination of
chromane and THPM is essential for the biological actilrityhe case of the indotropan@sgure

15b), a combination of two commonly occurring alkaloid fragments, an enantioselective copper
catalysed [3+2] was us&d” The indole fragment was modified to have an azomethine ylide that
could couple to a nitroalkene to allow access fms@udeNP class with multiple sterecentres.
Phenotypic screeninghowed that one ember of this chemotype in particular, strongly induced
changes in mouse L fibroblasiorphology Further biological investigatigted to this compound

being named Myokinasib due to its inhibitory effectrayosin light chain kinase (ILCK1).

Unlike FBDD, the NRlike fragments in th@seudeNP approach strays further from the guiding
Ro3[*21 which leads to more $pich fragment optionsAs a result, NP fragments can irade
fully synthetic fragments or eveiPs that ardragmentsized, which in turn provides additional
platform for complexity andopology. This was demonstrated in the synthesis of the indofulvin
pseudeNP classwhere the NRGriseofulvinwas linked witha 4H-pyranoindole fragmenrit¢! By
means of an isoxaPictetSpengler reaction,-Bydroxyethy-indoles and griseofulvin ketones
were combined to produaespireconnectecollection of indofulvin pseud-NPs (Figurelsc).
Once again, thpseudeNP strategy proved how powerful it,igs this structural clagsd tonovel
autophagy inhibitiortargeting mitochondrial respiration, with the mostgmd compound having
an 1Go of = 0.82¢ M Similarly to the chromopynones,either griseofulvin nor the H-

pyranoindoldragmenthad previously shown autophagy activity.
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a) R1_ \Rz
\R3
Chromane Tetrahydropyrimidine
Chromopynones

Glucose Uptake Inhibition

CO,R?
R3
0D — e, —
\ "INO,
b) N
H
NoOR
Indole Tropane
Indotropanes

Kinase Inhibition

R4
MeO Cl
c) o Me Q
< —_— -~ \
MeO /\\‘ \
MG 0 H
e

Griseofulvin 4H-pyranoindole

Indofulvins
Autophagy Inhibition

Figurel5: PseudeNP that demonstrated novel bioactivigy:Chromopynonedj) Indotropane andc)

Indofulvins.

As well as using different fragmenbmbinatiors, diversepseudeNPs can ase from varying
fragment connectioas well is regioisomeric arrangemeitd13 This off-sets the limitation of
avoiding fragment combinations already in found in nature because such combinations can be
connected or arranged in another mamto generate a different chemotype. These additional

parametergurther extendhe range of chemical and biological space in which psélRkcan
occupy
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The most common connectivity pattergan be categorisethto two groups: those with
common/shareditorrs and those withou(Figure 16).132141 The number of commomatoms
between fragments can vary depending on the connection Gganection of two fragents
through only one atorwill result in spirocyclesas seen with indofulvins (Figufesc).*38! NPs

are often involved in complex fused ring systems, so ohghe more frequently observed
connectivity styles is edgrision,in which there aréewo common atomsTwo fragments may
share three or more common atoms, forming a bridged bicyclic scafioédiesirable factor in
this connection type is the thrdémensionality, often sought after due to the nature of biological

O v

Fragments

target binding sites.

B

-\
ommon =
9 O
Atoms N N//’,‘
H H

N
H
Spiro-Fusion Edge-Fusion Bridge-Fusion
(1 common atom) (2 common atoms) (3+ common atoms)

5 H
l/> — \_NH ’N\Q
No o~
Common O\/\J o I/\\ / / \\
Atoms N P4 )\ -/

Monopodal Bipodal Bridged-bipodal

Figure 16 Connectivity patternfor two fragmentsoften observed in NP8%2 Individual fragments
indicated in blugredor greenBlack dots denote connectivity pointgey dots indicate connection points

of intermediary rings
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Adjoining fragments may not share anyrgoon atoms, but may have one or two linking atoms
asintervening connection point¥he most basic connectiontivout shared atoms is monopodal
but alsowhen generating pseuddPs,an additional ring (or third fragment)ay form leading to
more complex fuien patterns, such dépodal, tripodal, bridged bipodal, and bridgeggodal*4!

It is generally preferred to incorporate chirality to the pseWBe as this is more representative of
natural product complexity. Thereforpatterns that generateaeogenic centregand more
structually complex scaffolds are prioritisedowever,this will highly depend on the available

functional handles of the fragments or the reaction used to combine/build fragments.

Overall, the pseuddlP approachis a pioneerig methodwith clear design principles to obtain
novel NRlike but also drudike structureslt canalsobe seen as an advance on some of the other
methods used to generate i compound libraries. For example, in D&%! small building
blocks (fragments) are combined to generate divelaitypredominantly focusesn exploring
chemical space. The pseud® approach advances this process bhgaibiologically revalidated
fragmentsasbuilding blocksto attack chemical and biological space in parafieth the Ct[-%!

and BIO$4 methods are both limited in their exploration of chemical space and consequently
theobserved biological activity of compound clasBesn themmay not differsignificantly from

that of the original NP structuraus limiing the range of biologicapace that can be interrogated.
The pseudd\NP method is much more flexible in providing diversity andrenedented biological

activity.
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2.2 Prgect Aim

The design principles of the pseudi® approach has producedriwusexamplesas proofof-
conceptThe strategy itself is, to a certain degmeenification of BIOS and FBDIhat efficiently
explores chemical and biological spac®everal exampk have boasted novel chemical
methodology to ascertain the psetdB, which in turndeliverednovel bioactivity.In order to
build on such success continual expansion of the psie&doonceptemains of high importance
In particular,in contrast tahe najority of pseudeNPs where theemphass is onthe combination
of biosynthetically unrelated fragmentsiffering connectivity or arrangemenof previously

relatedfragmentshas been less explored.

Therefore the aim of this project is to identify suie@ NP fragments that amdready found
together inNPs and design a feasible chemical methodconnect themin a biologically
unprecedented mannérhis would not only provide a novel pseudN® class but would give
interesting data on how different argements may lead to novel bioactivity, particularly if
different to the activity of NPs that have the two fragmea&neration ofuch pseuddNPswould
require a search of chemical databases in order to determoentietivity patterns which certain
fragmenthave adoptetbgetherin NPs Thesynthesiglesign would have facilitate the unique
connectivity but also befficient in generating NRike complexity. Furthermore the synthesis

will be tested and optimised in ordergenerate a diverse liloyeof pseudeNPs

TheresultingpseudeNP collectionwill be evaluatedhn a highthroughput manner, by the-hrouse
COMAS facility, in phenotypic screeningssayso monitor biologicaleffects Any significant
change can be treated as a potential feaghovel bioactivity and can bievestigated from the
structureactivity-relationship(SAR) of the library. Themostactive compoundavould then need

to beinvestigatedurtherin modeof-action and target identificatistudies
Analysis of this new pseneNP classshould be highly valuable as another category of pseudo

NPs, not only as a way to extend into unknown biological sgadealso in how to use NPs as
inspiration for delivering compound that could be used in drug discovery or as tool compounds.
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2.3 Results and Discussion
This work was carried dun collaboration with Lara D&ch.

2.3.1 Background Designof a Novel PseudeNP Class

Considering the fundamentdésign principlesf the pseuddNP approachwesought to combine
indole and tetrahydpyridine (THP) fragment® produce a novel thregeimensional scaffold with
amenable outlets for synthetic modification and decoratibis. would be facilitated by a balance
of sp? and sp centres, also allowing for the introduction of chiralityfasourableproperty with

regard to exploringhemical and biologicapace.

NPsthat embodyndole and THRragments occur widely in natyreothindividually and together
(Figure174. Importantly, thesefragmentsare endowed with bioactivify*?14% For instance, the
indole-containing NP Vincamine is a known vasodilator, used in the treatment of vascular
dementiaand THP-containing Anotine has displayed activity associated with-arftammatory

propertieg!44149]

In earlyreports, he pseudd\P strategyhas often generat@dmpounds where the defigifeature
was the combination obiosynthetically unrelated fragmert®14% In this particular case, the
indole and THP fragments are already found in nature together, but teenképsiwill be ther
novel connectionAn analysis of th®©NP4¢l and Coconlt*’! databases indicated thatlole and
THP fragments are typically found together in coexpfused ring systems where there is an
intermediary ring betweegibipodattype connectivity)Figure 17h. However,a directmongodal
connection (i.e. no intermediary rigjdetween indoleand THRfragments in NPw/as not found
Therefore, this unprecedted fragment recombinatigRigure 17c)would result in the discovery

of anovel chemotypand could lead tdiverse biologicahctiity.
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a) Isolated fragments

Vincamine Annotine

b) Both fragments

OH

HN

Arboflorine Lysergol Agroclavine
c) Pseudo-NP strategy

B—EH—C

Figure 17 Despgn of the new pseuddP class: pFragments found individualiyy NPs,b) Fragments

together in NPs,)dhe novel combination of indole and THP.

2.3.1.1 Synthetic Strategy: Phosphinr€atalysed [4+2]Annulation
Nucleophilicphosphinecatalysishas emergeds a powerfutool in organicsynthesig**14%The

last two decaddsavewitnessed significant increase in reports of the use of phosphine catalysed
reactions, including the formaiti of six-membered heterocyclega [4 + 2] cycloadditiong*®!

Our attention was drawn to the seminal work of Kwebal. who usedan organophosphine catalyst

to facilitate a [4+2]annulation betweerN-tosylimines and allenoateq1,4-dipole syrhon

precursors*® The result was a series of highly substituted THPs in high yield and
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regioselectivity. A extension of this methodologyas its applicatiomn the formal synthesis of
alstonerine and macrokindole alkaloids using allenoat86 with N-nosytindole-2-aldimines85
(Scheme 2)y[**Y Here, intermediate87 was the foundation for the novel pseudB class.
Therefore, the two fragmentowid be connecteda the C2 of the indole and the C6 of the THP,

whereby the THP would dermedin-situ.

86 CO,Et
CO,Et Ns,
—_—
N [4+2] N
Me Me
85 87

Scheme 27Natural product synthesis using a phosphine catalyzed [4+2] annuation to generate a key
pseudeNP internediate.

However, sme of the methods shown in literature kngited to the use ofldimines!521%3
Therefore, in order to add another level of complexity to this chemistry, and the new-pdeudo
class, we sought to developrare efficient and rapid protocol using ketimines. The advantage of
this is twafold. Firstly, it woulddistinguish itelf fromthe original reactionmaking it novel in its

own right and secondly, with the aim of developing an asymmetric version employing chiral
phosphinecatalysts would enrich the stereogenic content of the resulting tertiary centre at C6 of
the THP. mportantly, with the exception of the few examples in the report of kavah*> this
structural scaffold has not been investigated further from botsynthetic and biological

perspective.

2.3.2Method Development

Reaction optimisation was performed by Dr. Gessica Ciulla.

In order to enable the formation of the ketimine and consequently, a tertiary centre in the final
product, the starting indole witnl need to be modified. THé-protected indol®0 was installed

with adiketoester at the C2 positi@ourtesy of lithiatiorvia deprotonation of the indok9 and
subsequentucleophilicadditionelimination with dimethyl glyoxolatéScheme28).
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tBulLi 0
N > N COZMe

R' THF, -78°C - RT R
89 90

Scheme 28Reaction procedure to synthestise diketoester, latersed to generate the katne.

2.3.21 Racemic Reaction Screen dfl-Substituted Indoles

With the basic chemistry already established, the conditadnKwon et d. were used in
preliminary reaction screeningith test allenoat®6.'! Reassuringly, with the newly modified
N-methylindole substratethe desired duct was olatined in a yield of 63% (Table &ntry 1).

SONH,
91 NO, OZN@ _863/—002& OzN@
0 [j 0,8 CO,Et 0,S  CO,Et
/
N~ COMe EtNg (2.0 eq), ©j>_< /) COEt

\ PBU3 (30 mol%),

90 relux, 12 h 92 ’ 93
Table 5 Optimisation of theN-substituent of the indole dikegster.

Entry R! Ketimine Isolated Yield [%]
1 Me Isolated 63

2 Allyl Isolated 51

3 PMB Not obseved -

4 SOPh Not observed -

5 H 90% SM recovered -

6 Boc No reaction -

7 Bn 90% SM recovered -

8 MOM 90% SM recovered -

Reactions initially performed with ketimine formationsitu.

A variety of otheiN-substituted indoles were also tested, whignallyl group affording the desired
product in 51% yieldHowever, other substituents either resulted in only trace or no amount of
ketimine 92 and as a result no product (Table Bntries 38). Interestingly, leady inthese

orienting reactionsit was found that the desired product93 was formed as a single
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diastereoisomerfor further reaction optimisation, it was decided to proceed witiNtinethyl

indole.

2.3.2.2Chiral Phosphine Catalyst Screening

An asymmetrianalogueof the seminal work of Kwo was reported by Fet al, affordingTHPs
with moderate to good diteree and high enantioselectivitysing a binaphthylbased &
symmetric monophosphine catal{/$t! Therefore, it was hopeful the same result coud b
achieved with this reactiolBy employingN-nosyl ketmine 92 with the model allenoat86, a

subsequent screen of chiral phosphines was ukeer(@able &

A wide variety of chiral phosphines were screened, including aryl, alkyl and combinatiorf.thereo
The main focus was on the use of chiral tertiary phosphines that had been previously used in
cycloadditions of allenoates (Tablg Entries 15).14°1 Within this series wer€&,-symmetric
bisphosphines such #w (S,S)Ph-BPE, EtBPE, MeBPE andPr-BPE The aromati¢S,S)Ph

BPE performed poorly with respect to both yield and enantiomeric exa8q&htry 1). On the
other hand, its alkyl variantéS,3-Et-BPE and MeBPE (Entries 23) furnished excellent yields
and improved enantioselectivity, particularly in the casgS6)Et-BPE with 74%ee The
reaction also performed poorly with aromatic chiral phospi{®&)SITCP and(R,R}Me-
DuPhos, which iscommonly used as a ligand in metatalysed reactions (Entries7§. In
addition, thebinaphthytbasedC.-symmetric terbutyl phosphine catalyst7 used by Fet al

was also tested in this reaction to gareee of 80% but unfortunately poor yield of gn20%
(Entry 8)1*%% Interestingly, its aromatic variar€8, in a similar manner to bisphosphines,
performed poorly in both yield arek(Entry 9). Finally, twophosphinec o n t a taminoragd U
catalyss, C9 andC10, were screened as they have previously been foundédéibient catalysts

for promoting enantioselective [3+2] cycloadditidts! However, both showed no reaction in this
case (Entried0-11). Therefore, the best catalysthich afforded [4+2] adduct with aeeof 74%

and yield 966 was(S,S)Et-BPE. Notably its opposite enantiomer provided a singtwf 77%

allowing easyaccess to both chirahantiomers
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OzN@ 86:(*C02Et Oz"“@

028, (2.0 eq) CO,Et 0,S,  CO,Et
A N \ N-=
©f>_< Chiral Phosphine WCOZEt
N~ CO,Me (30 mol%), N
Me DCM Me COzMe
92 RT, 12 h 93

Table 6: Chiral phosphineatalyst (structuiebelow) optimisation.

Entry  Catalyst (30 mol%) Yield [%] ° ee[%]
1 (S,S)Ph-BPE 20 11
2 (S,S)Et-BPE 96 74
3 (S,S)Me-BPE 81 54
4 (R,R}Et-BPE 50 77
5 (S,S)iPr-BPE 5 40
6 (S)SITCP 42 40
7 (R,RyMe-DUPHOS 26 18
8 cra 23 80
9 C8 10 5
10 C9 0 0
11 C10 0 0

[a] Catalyst synthesised using literature procedbijdsolated yields
P
T

C1R = Me; (S,S)-Me-BPE
C2R = Et; (S,S)-Et-BPE

C3R = Ph; (S,S)-Ph-BPE
C4R =iPr; (S,S)-iPr-BPE

R
R

C7R =1tBu
C8 R=Ph
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2.3.2.3 Solvent Screen

Different solvents werexplored in order to improve tree(Table 7. Initially toluene provided
excellent improvement with 84%e however sacrificel the yield at 31% (Entry 1). In contrast to

the success of DCM (Entry 2), DCE afforded no product (Entry 3). The use of THF gave an
improvedeeof 88%, whilstmaintaining a good yieldf 71% (Entry 4). Acetonitrile, ethyl acetate

and dioxangroduced goo@evalues but compromisegelds (Entries 57). The solventODMF

and chloroform gave no reaction (Entrie8)8Whensubmitted to lower temperats,eDCM at 0

°C had a detrimental effect on the yield, aneBat°C, theee(Entries 1011). The latter was likely

due to the precipitation of the catalyst. For toluene and THF, both conditions at O °C (Entries 12
13) could not improve on the room temperature THF conditions.

OzN@ 86:(—()025 OzN@

028, (2.0 eq) CO,Et 028, COqEt

N N
/)
m< (S,S)-Et-BPE (30 mol%), > ) —COzEt
N CO,Me N

\ Solvent, T, 12 h \
Me CO,Me

Me
92 93

Table 7:Solvent and temperature optintisa

Entry  Solvent Temperature Yield [%] & ee[%]
1 Toluene RT 31 84
2 DCM RT 96 74
3 DCE RT - -
4 THF RT 71 88
5 MeCN RT 20 76
6 EtOAc RT 53 82
7 Dioxane RT 42 82
8 DMF RT - -

9 Chloroform RT - -
10 DCM 0°C 18 79
11 DCM -30°C 7 40
12 Toluene 0°C 80 79
13 THF 0°C 54 77

[a] Isolated yields
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2.3.3 Substrate Scope and Limitations

With optimised conditions in hand, tleaction scope was explored (Sche2® to generate a
broad collection of the pseuddP classThe initial focus was the exptation of the esters that
originate from the starting allenoa®®. Gratifyingly, deviationsfrom the model allenoat86,
bearing variougstersubstitutionsand combinations thewf, werewell tolerated 96a- 96¢ with
moderate to excellent yields aadantioselectivies. However attempts taeplacetheseesters at
R3 with alkyl moieties, such asthyl or complete removgH), providedno reaction In addition,
charge stabilising groups, likehenyl @h), nitrile (CN) and aromatic ketones (CORonly
resulted in tracamouns of the desired addud®leasinglythe reaction conditions also proded
smoothly with the aldimingR! = H) to generatdS,R-96f diastereoselectivelyn moderatecg
albeit with lower yield 42%). Attempts to replace the indowith othe heterocycles or simple

phenylwere not tolerated in this reaction, giving trace or no product formation.

Investigations then moved to switching the nosyl group with other sulphonamide m@6tes
960). The tosyl group in particulaafforded the desired pseuddP in high yields up to 93% and
enantioselectivityup to 90% 96g-96h). The tosytaldimine wasalso well toleratedwith good
yields and enantioselevtivityS,R}96i and(S,R}96j, but agairthe yields are@mparatively lower

than thaeoriginating from the ketimineOther substitutions on thghenyl ring includegara-
bromo (S,R}96k, parafluoro (S,R}96l, andmetatrifluoromethyl, (S,R}96m performed well to
afford the desired addwsih excellent yield and high enantioseleciegt Theunsubstituteghhenyl
(S,R}96nalso performed to a high standard. Notablyalkyl derivative in the form ofraesylate
example(S,R)960, matded the results of the aromatic sulphonamides with a yield of 88% and
86% ee.When the reaction was triedth the N-o-nitrophenylketimine,there was no reaction,
giving the impression that the sulphonamide moiety is favourable in formation of the desired
adduct.

This initial scope of compounds holds promise for furtevgpansion Early exploration of the
chemistry has neglected to include substituted indoles, therefore it would be interesting to see their
compatibility. Additionally, wth three esters able to be installed, it can be arrafggestlective
hydrolysis ofthe tertbutyl ester, for example i86a or 96b to use the carboxylic acid for

derivatisation.
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95 R3
R2 . R2
(1.2 6q) 0K
@E\>—< (S,S)-Et-BPE (30 mol%) MCOZR4
| R’ THF [0.05 M] ::1
94 Me RT, 12 h Me R’ 93, 96a-0
—<§ > —<§ > 02N—<§ > —<§ >
2 \ 2Et 2 \ 2tBU 2 \ \C:OztBU OZS\ \C:OzEt 2 \ COan
s
S, R, S, R, R, S, S,
LA coet “/ CO,E @COZEt (R ® »—cosu ey ”/ CO,Et
(:DOZMe E:ozlvle CO,Me CO,Me CO,Me
(R,5)-93 (R,S)-96a (S,R)-96a* (S,R)-96b* (S,R)-96¢*
71%, 88% ee 85%, 76% ee 67%, 75% ee

68%, 86% ee 53%, 76% ee
OztBU

2 \ \\COZtBU COztBU 2 \ pOZtBU 2 \ COZtBU
S, R, S, S R
5” " )—comu \@—coztsu 5“ ®

R S,
{ *)—coz8n § o copn §8 & )/ CO,Et
co,Me CO,Me Co,Me CO,Me
(R,S)-96d (S,R)-96d"* (R,S)-96e (S,R)-96e* (S,R)-96f*
62%, 86% ee 71%, 92% ee 56%, 84% ee

70%, 76% ee 42%, 82% ee

L.
5, O

028\ COztBU OzS\N \\COztBU OZS\ \\COZEt OZS\ \\COZEt 028\ COztBU
S (R) (S) R) (S) R) (S)
CO,Me CO,Me CO,Me
(R,S)-96g (S,R)-96g* (S,R)-96h* (S,R)-96i* (S,R)-96j*
91%, 86% ee 93%, 85% ee 91%, 90% ee

68%, 76% ee 52%, 86% ee

TR TS,

Me
2 \ \\COztBU 2 \ \\COztBU 2 \ pOZtBU 28\ \\COztBU 028/
; R (S) ; R)

CO,tBU
\ =
)—CO,Et @—COZEt 5\(\@700 Et 5R’ CO,Et ;@COZB
COzMe COQMG

COzMe COzMe COzMe
(S,R)-96k* (S,R)-961* (S,R)-96m* (S,R)-96n* (S,R)-960*
75%, 82% ee 84%, 84% ee 63%, 84% ee

70%, 78% ee 88%, 86% ee
Scheme 29PseudeNP substrate scope exploring esters (blue) and sulphonamide moietiey{ 8¢9)

compounds obtained usiig,R}Et-BPE.
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The structureof the newpseudeNP classand stereochemistrgf the two stereocentres was
confirmed by XRay ana}sis based on the major product(BfS)-96a (Figure18).

: & g *
; Ve
—% bt
o ! “C¥
e v
028\ COztBU \-)x/ [
" :
CyFroon o &
N : u‘ %
Me CO,Me

(R,S)-96a
Figure 18 Crystal structure, confirming the configuration and stereochisni$ pseudeNP (R,S-96a
Furthermore, aaluable addition to the pseudi® collection was obtained through deprotection

of the nosyl group using thiophenol with excess potassium carb@wteme 3 This provided

the free NH compoun(5,R}96p. Despie the low yield of 20%, theewas retainedg2%).

O,N
PhSH (1.2 eq) CO,tBu
K,CO3 (3.0 \
0,5, CO,tBu 2C0s B0ea) \ AN CO.E
N-X DMF N 2Bt
\ R/ (5] !
N ) COaEt RT, 12 h Me CO,Me
Me CO,Me
(S,R)-96a (S,R)-96p

20%, 82% ee
Scheme 30Deprotection of the nosyl group to obtain the free NH pséNido

The low yield may in part be due to the formation of a dihydropyridine species that vedtesol

in minor amounts. Its formation may be facilitated by the excess thiophenol and base, resulting in
the removal of the acidic proton of the chiral centre and subsequent rearrangement. Unfortunately,
attempts to alkylate this scaffold resulted in nactiea. This would indicate that NH of the THP

is sterically hindered by the adjacent ester groups, as well as the iNdwkrtheless, a broad

scope of 21 compounds (excluding racemic variamésesynthesised.
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2.3.4 Mechanistic Hypothesis

Using previougeports omther phosphine catalysed [4+2] annulations that use the aldamthe
cyclic ketimine starting materiad a plausible mechanism for thisansformation can be
proposed!'®-%8|t should be noted,dwever thatthis is the firsexample of a phosphine catalysed
[4+2] annulationreporting the use of a ketimigevith allenoate¢Scheme 31)The mechanism
proceeds witla conjugate additioaf the chiral phosphine catalyisto theallenoateto producea
zwitterionic intermediatd . This speciegxists in resonance with allylic carbanidin, whichcan
perform a nucleophilicattack on the ketimine electrophile 93 to produce intermediaté/ .
Subsequently his negatively charged nitrogen facilitatego consecutive protetransfes. The
resulting intermediate/, then underges the key 6-endo cyclisation to form the THPwith
concomitant regeneration tife diral phosphine catalystitimatelyyielding the desired pseueo
NP 96. Significant computational analysf this reactntype with N-tosyl aldimine was
performedoy Han and @o.[*® It suggestthat hecyclisationeliminationprocessnay esuevia
an intramoleculaMichaeltypeaddition to the ester to form enolatd thatpromptly reforms the

carbonyl to expel the phosphine.
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R CO,R
I R 2
ATy _N__LCO,R N CO,R
MeOZC‘U _ A 7
P =
CO2R CO,Me
96 PRs
I CO,R
CO,R
CO,R
RqP
3 %
R_SOR R GOR 05\ CO,R
ar SN Mz 20 8 A N7 T 00 ©
r PR; CPR;
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S} ] 1]
COzMe COzMe R /
Vil "N
Proton transfer Ar 93 CO,Me

v Iv
i R R !
- \ CO,R ) !
A ON B A\ _N_ .CO,R |  PRs=(S,S)-Et-BPE
AT /PR, —>  MeO,C" ' Ar=indole
L Non
: C02 € CO2R .

Scheme 31Proposed mechanism for the phospkiatalysed [4+2] annulation reaction.
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2.35 Access taa NP-like Bridged-Bicyclic Compound Class

When exploring the modifications to thelole THP pseudeNP class, one of the initial strategies
for diversifying the scaffold was hydrolysis of the tbutyl ester o{R,§-96a Thiswould allow
the resulting carboxylic acid to be used in further transformstiooh as amide couplingdpon
treatment with acid, instead of the expected hydrolykiter-butyl ester, we discovered the
formation of bridgeebicyclo compoundS,R)98 (Scheme 3p*51

O,N
028\ COztBU
DCM/TFA (5:1), [0.01 M]
N
N )—COsEt -
N2 1h,RT
|\\/|e CO2M6
(R,S)-96a
o)
L
0.8
N
N =
Me CO,Me
97

Scheme 32Promsed route for formation of the bridged compouvidketene formation.

This had previously been observed in the literature using conc. HCI for longer reactiooftimes

48 hI'* therefore it was surprising that even after 1 hounth@r mass detectauas that of the

bridged compound. The cause of such a transformatenba due to the formation &ktene
intermediate97 (Scheme 3R More common ways of accessing keés is from acid chlorides,

with expulsion of the c¢ hicabornumber basit ¢comeditionsl @ pr ot o1
Wolff-rearrangementiowever, obtaining a ketene from a carboxylic acid is not unknown but it

is often reported with harsh conditiocembiring high temperatures and straggess acid

It was still important to rule out the possibility of obtaining the carboxylic acid, therefore other

conditions were explored for the selective hydrolysis (T&8pl&his includedinding alternatives
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conditions that either used weakly acidic species or another mechanism for hydrolysis. Moving
away from the use of TFA,ewis acidpromoted cleavage of teloutyl este was exploredEntries

4-8). In particular, the use of zinc bromide (Entries’)5 which has been shown to be
chemoselective in removal of téatityl ester albeit limited in terms of its surrounding
functionalitiesl!>® These conditions were the first that enabled the desireliprto be observed,

the most promising conditiomsnployed3 equivalents for 4 hours (Entry. However, conversion

of the starting material was poor.

@

2 \ COZtBU
Conditions

_ >

[y

Me co,Me

MW: 627.66 MW: 571.56 MW: 5653.54

Table 8 Exploration of hydrolysis conditions.

Entry Conditions Temp. Time Mass detected
SO (D)

1 DCM/TFA (1:1) RT 0.5 554 only
2 DCM/TFA (2:1) RT 1 554 only
3 DCM/TFA (5:1) RT 1 554 only
4 ZnBr2 (5eq), DCM RT 18 554 only
5 ZnBr2 (3eq), DCM RT 18 554, trace 572
6 ZnBr2 (1 eq), DCM RT 18 554, trace 576
7 ZnBr2 (3eq), DCM RT 4 572 major, 554
8 Yb(OTf)s3, CHSNO2 45 4 554 only

[a] UHPLC-MS quantitative observation. [b] Isolateld] Poor conversion of SM.

With multiple conditions tried, it became clear that obtaining the desired carboxyliwasidot
going to be possible. Nevertheless, what was availablegassacces® aNP-like compound
class, whereby the indole and THP fragments were now combined in a Hoigged! connection

pattern similar to that of macrolinéd hereforethe sameeaction conditions were applied to other
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tertbutyl eder starting compound® synthesise a small collection of bridgeidyclo NP-like
compoundgScheme 3B Initially, nosyl protected compounds were submitted to acid hydrolysis
to afford the desired lmged compounds in moderate yield38&98c. Pleasingly, the
enantiomeric excess was carried through from the starting compotlhéstosylprotected

variants 98d and98e) were also dle to undergo cyclisation to yield the bridged compounds

N— DCM/TFA (5:1), [0.01 M]
N4 )—COR! -
NEE 12 h, RT

96

N
|\V|e COzMe
(R,S)-98a (S,R)-98a (R,S)-98b
63%, 80% ee 38%, 76% ee 54%, 82% ee

(R,S)-98¢ (R,S)-98d (R,S)-98e
68%, 76% ee 52%, 84% ee 84%, 84% ee

Scheme 33Initial scope of the bridgeticylo compoundsriginating from pseud®P analogues

Due to the likely formation adtketene and temporary loss of the stereocentre, it was important to
obtain a crystal structure to deten@whether theonfiguration had been retain or the stereocentre

had inverted after the nucleophilic attack of the inddlee structure and stereochemistry were
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confirmed by XRay analysis ofthe major isomer R,9-98b, displaying the retention of

stereehemistry(Figure 19. This in part, would be due to the stereochemistry of the indole, which

in this case could only attack the ketene from below.

\ COzMe

(R,S)-98b

Figure 19 Crystal structure of the bridgdalcyclo compoundR,9-98b.

This scaffold in itself has functional handles for modificatimhich were explored usin@r,9-

98b. For example, deprotection of the nogybup using thiophenol with potassium carbonate

afforded the free NH compouri®,3-98f in moderate yield and Higee.Methylationof (R,9-98f

was accomplished i80% yieldand 79%geeusing a combination of formic acid and formaldehyde

under refluxi

methylation, using methyl iodide fexample, were avoided due to the presence of acidic protons
at theo-positiontot hefadsat ur at ed
adjacent to the carboniP Fortunately, acetylation was achievable, albeit in a low yield of 32%
using EtN with acetic anhydride to givigR,S-98n.

n

an Eschwei |l teydld(R, 5298k Standard hasit¢ doralitions for
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1) PhSH (1.1 eq)
K2CO3 (30 eq)
DMF,

RT, 12 h

2) Conditions
\ CO,Me \ CO,Me

\ COzMe \ COzMe \ COzMe
(R,S)-98f (R,S)-98g (R,S)-98h
50%, 82% ee 50%, 79% ee 32%, 82% ee

Scheme 34Deprotection of the nosyl group allows for exltion of substituents on the nitrogen.

A second handle in which this series of bridged psélidalass can be modified is through the
ketone.It has been reportethat with this scaffoldtype that complete reduction of the ketone
(Scheme 3pcan be acleved with zinc iodide and sodium cycanoborohydride, howewvtris
case, these conditions cowldly affordtrace amounts of the desired compounstead, access to
the fully reduced bridged compound was achieviadan isolated intermediary alcoh@®,S-99,
courtesy of treating compouii8,R-98f with sodium borohydride. The secondary alcohol, which
was obtained in 50% yield ai& eg was then removed under acidic conditions, employigiBt

as a hydride source. The desired compdi®§-100, afforded in 46% yield was further treated
with DIBAL-H to reduce the ethyl ester yielding primary alcofRlS-101 The retained
stereochemistry was confirmed using #b'H NOESY NMR.

78



Chapter II: Results and Discussion

0) HO

W\, CO,Et NaBH, (1.0 eq) v COEt
> N=Ns\
MeOH/THF (1:1) A\
\ [0.1 M] N
Me Cone 0°C-RT Me COzMe
(R,S)-98f Th (R,S)-99
50%, 75% ee
DCM/TFA (80:1)
[0.1 M]
then, Et3SiH
0°C-RT
, 2h

Iy, OH

N\Ns\ DIBAL-H (1.2 eq)
N THF
Me COxMe -78 °C -RT
1h
(R,S)-101 (R,S)-100
46%, 80% ee 46%, 78% ee

Scheme 35Synthetics route to ketoneduction and esterdaction of the bridgethicyclo compounds.

Opening this avenue of diversity is valuable in exploring chemical and biological space. According
to the literature, there are NPs with similar scaffolds but expansion of this particulgedorid

bicyclic compound class has not been explored or biologically investigated. Further synthetic
alterations would be need to build the library but this initial small collection already holds interest.

2.3.6Biological Evaluation

As the goal of the pseoeNP approachs to aim for novel bioactivitygiven the unprecedented
structures, compounds from the inddldP pseudeNP class were submittefdr phenotypic
screening by COMAS in parallel to the library synthesis (in part, this dictated compound
synthess). In additionsome bridge¢bicyclic compounds were also suitiad for screening. The
different celtbased assays includei@dgehog (Hh) signalling, autophagy, reactive oxygeoispe
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(ROS) inductionand modulation of kynureninéevels Screening of thggseudeNP compound

class revealed them to be an interesting chemotype in the modulation of kynurenine.

2.3.6.11DO1-dependent Kynurenine Modulation

Cancer cells often adapt their metabolism to promote growth and survival whilst remaining
undetected by thenmune systerit®® A particular mechanisrmancerhas hijackedor immune
escape ighroughthe kynurenine pathwayf®161 This is the major route by whidnyptophan

(Trp), an essential amiracid, is catabolised inteynurenine Kyn, and other metabolitesJhe

first andratelimiting step of this pathwaythat accesseN-formylkynurenine (Scheme 36is
facilitated by three hemeontaining enzymes:indoleamine 23lioxygenase 1 (IDO1),
indoleamine 2,3lioxygenase 2IP02), and tryppphan 2,3ioxygenase (TDOYS2

NH;
{ Q ';lHZ Kynurenine O NH,
cooH [DO1/IDO2/TDO coon formamidase R
A\ - CHO —_— COOH
N N~
H H NH,
Tryptophan N-Formylkynurenine Kynurenine

Scheme 36Catabolic pathway for the conversion of tryptophan (Trp) into kynurenine (K9n).

IDO1is the most broadly expressaddmost widely studied of the the enzymedt is found in
numerous tissue types including immune privileged aggaoh as the placebut is also present

in numerous cancer typ&$°® Often thisis displayed aan overexpression, likely aideftom the
induction of thelDO1-geneby cytokines like Interferono (IFN-2).%4 Tumaur progression
therefore leads to aidO1-mediated decrease Trp levels and concomitant increag Kyn in

the tumour microenvironment (TMEFigure 20. The result of thismetabolic changeis a
suppressetmmune respons&he underlying cause is the inactivation of immune cells diiggo
deprivation, which also leads #oreduction imatural killer (NK) and T-cell proliferation!*6! In
addition, the increase inyK levels induces the differentiation gulatory Tcells through its
bindingto aryl hydrocarbon receptors (AhRlhe overall effect allows cancer to escape immune

surveillance and supports tumour progresSitnee!
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T ® Kynurenine l @) Tryptophan
Tumour cells

| 2 DO
Treq Cell W B (v
2 § .o

Prolifer?ti.?n and @ @
susgrgsl,ged ) —r @ ® @
T cell @

Figure 20: IDO1 expressionin tumour cellsleads todepletion of Trp (T) and the production ofrp
metabolites, such dsyn (K), resulting inimmune cell inactivation and, througfhR activation T Reg
proliferation alssuppessing T célfunction.?1:165]

Hence,small molecie inhibition of IDO1 has emerged as a strategy to restore or prevent a
compromised immune responssimultaneously affordinghovel therapeutic agents against
cancef'®168 There is also interest in targeting IDO2 and TDO, howewecontrast to IDO1,

both enzymes cannot lireduced by cytokines in cancer cells and their natural expression level is
much lower tha that of IDO1126%17°ITherefore screening small molecules for modulatiorkgh

levels is a crucial start point in identifying potential novel chemotypes that interféreD@tl.

2.3.6.1.1 IDOL1 Inhibitors

Over the past decadifie hunt forlDOL1 inhibitors has led to the discoverywariouscompound
classeghat successfully redudéyn levels through different mechanisf8-1"?'However, there
is still a lack of IDO1 inhibitas on the drug markeis many have failed in clinical trials, but ther
are still a lot of studies ongoingNotable examples includ&pacadosta BMS-986205
(Linrodosta), Navoximad and Indoximod (Figure 21).12731 Epacadostat is a Tqgompetitive
inhibitor, 1000fold selective over IDO2 and TDO. Linrodostat is the most potent, H9€)éctive
compound witlKyn inhibition measung an IGo= 1.7 nMin HeLa cellsNavoximod has recently
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completed phase | clinical trials, whereasthyttryptophanIndoximod has recently been granted
FDA approval in the US for treatment of type of melanomgerestingly, even though itis a Trp

deiivative, itdoes not directly inhibit IDO#.174l

N
H H
_OH
HN N ' H NH,
"OH
. H F B COOH

Br | <N N
F N \
Epacadostat Lindrostat Navoximod Indoximod

Figure 21 Selected examples of IDO1 inhibitors.

As mentioned, IDO1 is a henm®ntaining enzymeand with such a structure condéferent
mechanisms in whiclDIO1 can be inhibitedR6hriget al.categorised these inhibitory means into
four types of direct IDO1 inhibitors: 1) tryptophamompetitive, binding to oxygebound hole
IDO1, Il) oxygercompetitive, binding to free ferrous heldO1, 1l1) inhibitors bindng to free
ferric holoIDO1 and IV) inhibitors binding to aptbO1.[172175]n contrast to inhibitor types |

lll, type IV inhibitors do not coordinate to the heme in the IDO1 active site, but target IDO1
exclusively in its hemdree form.Redox cyclers, like quinones were also described as IDO1
inhibitors but rather in a cellul@nvironment, able to generate antitumor cytotoxicity through the
generation of reactive oxygen species (R®&8&)Despite multiple chemotypes and mechanisms
of action,including thosecontainingindole (e.g Indoximod) there is still a need to discover

compounds that modulate kynurenipeduction
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2.3.6.2 Modulation of Kynurenine Production SAR

Kyn assayerformed by Lara Btsch

Several derivatives of the pseudlll® class demonstrated particularly potent activity in selectively
decreasing Kyn levein HeLacellsupon stimulation with the cytokin&N-o  ( T9x Initiaky,

the activities ofenantiorenriched compound®3 and 96awere determine@Entries 13), which
then dictated the synthetimodifications The model compoundR,S)}93, usedin reacton
optimisation showed no influence oKyn levels (Entry 1). Howevera change in the ester
combination (R,S)964, revealed moderate activifntry 2). Crucially, its enantiome($,R-96a
was substantially more active with ansdG 0.49+ 0.10uM (Entry 3). Furtherexploration of the
structureactivity-relationshipb a s e d 0 nthen tavowed thé fortnaiion of compounds with
the (S,R)configuration Gratifyingly, lack of a methyl este(S,R- 96f, derived from the aldmine
starting substrate, wawo-fold less active (Entry 4). Thisistified the installation othe tertiary
centre but also enhancethe value of this pseuddP class. Continuing to probe the ester
combinations at Rand R derived from the allenoate, (Entries18) revealedno further
improvement in activity, withthe optimal paing still the tertiary butyt and ethyl ester

respectivelyThe (S,R)configuration remained the more active of the compounds in all cases.

Exchangeof the nosyl group with other sulphonamide moietieR%atTable 1, entried1-19)
generallyprovidedsub-micromolaractivity. Tosylated compoun@,R- 96gafforded doubleigit
nanomolar activity withCso=0.07+ 0.01uM (Entry 12). Again, it was found that removal of the
methyl ester waseadrimental to ativity (Entry 15). Othersubstituted phenyl rings with electron
withdrawing groups-Br and m-CFs) diminisheal activity (Entries 16 and )/whereas phenyl
(S,R- 96n and methyl(S,R- 960 moietiesrecorded comparable nanomolar potencyt(ies 18

and 19. The importance of having a substituted nitrogen on the THP ring was confirmed when its

removalled to inactivity(S,R- 96p (Entry 20.

As in most cases with enantiomeric mixtures, one enantiomer is more active than the other. In
terms of biology this @uld mean one enantiomer behaves differently than the other. The most
infamous example being the enantiomers of thalidofifleTherefore,a series of selected
compounds, were purified in order to obtain sirgglantiomers to detaine their activity (Entries
21-25).
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Table 9 SAR for reduction of Kyn levels in HelLa cells. Data are mean values (n=3) + SD.

R2
0,S R
N
Me R’
Entry Compound R! R? R3 R*  ee[%] Configuration  ICso [UM]
1 93 COMe oNOrPh COFEt Et 88 (R,S) >10
2 96a? COMe oNOrPh CO#Bu Et 76 (R,S) 2.44+ 0.56
3 96a COMe oNOrPh CO#Bu Et 75 (S,R) 0.49+ 0.10
4 96f H 0-NO>-Ph  COtBu Et 82 (S,R) 1.04+0.08
5 96b CO:Me 0-NO-Ph  COsEt tBu 86 (S,R) 2.46+ 0.29
6 96¢c CO:Me 0-NO-Ph  CO:Bn Et 76 (S,R) 7.52+0.80
7 96d?2 CO:Me 0-NOxPh  COifBu tBu 88 (R,S) 0.82+ 0.70
8 96d COMe 0-NO-Ph  COgtBu tBu 92 (S,R) 0.65% 0.08
9 96e? CO:Me 0-NO»-Ph  COjtBu Bn 84 (R,S) 2.88+0.13
10 96e COMe 0-NO»-Ph  COgtBu Bn 76 (S,R) 1.39+£ 0.09
11 96g? COMe p-Me-Ph COgtBu Et 86 (R,S) 0.28+0.04
12 969 COMe p-Me-Ph COtBu Et 85 (S,R) 0.07+0.01
13 96h COMe pMePh COEt tBu 90 (S,R) 0.76+ 0.04
14 96i H p-Me-Ph  COEt tBu 76 (S,R) 1.63+0.16
15 96j¢ H p-Me-Ph  COtBu Et 86 (S,R) 0.26 + 0.05
16 96k COMe p-Br-Ph COtBu Et 82 (S,R) 0.43+0.15
17 96m COMe mCR-Ph COtBu Et 84 (S,R) 1.54+0.41
18 96n COMe Ph COstBu Et 78 (S,R) 0.08+ 0.01
19 960 COMe Me COgtBu Et 86 (S,R) 0.08+ 0.01
20 96p COMe Free NH COgtBu Et 82 (S,R) > 10
21 96a CO:Me oNO»Ph COfBu Et >99 (S,R) 0.49+ 0.10
22 96 COMe p-MePh CO#tBu Et >99 (R,S) 3.41+0.26
23 96¢ COMe pMePh COfBu Et >99 (S,R) 0.047 + 0.002
24 96 H p-Me-Ph  COftBu Et >99 (S,R) 0.16 + 0.05
25 96n° COMe Ph COgtBu Et >99 (S,R) 0.09+ 0.01

[a] Acquired using $,S)Et-BPE. [b] purified on chiral preparative HPLGZ column, DCM:EtOH (100:2)so-hexane, flow
rate = 3 mL mirt. [c] Purified using DCM:MeOH (100:5%0-hexane. [d] In BXPC3 cells.
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Enantiomeric prification of themost potet compound(S,R-96g, yielded minor enantiomer
(R,9- 96g and the major produ¢s,R- 969 (Entries 22 and 23 This clearly demonstrated the
significant influence the mbr enantiomer had on activity, simgle enantiomelS,R- 96g had
anlCsovalue 0f46.7+ 2.4nM, while (R,9- 96gwas 72fold less activen HeLa cellgFigure 22.

The difference waalso apparenvhen measureith another cancer cell line, BXPE

028\ CO2tBU
N
S,
T —coet
N
Me COzMe
(R,S)-96g
ICso:kyn(Hela) = 3.41 £ 0.26 uM

Kyn assay in Hel a cells

120+
a ® (S R)

80

kynurenine level / %

1 1 T 1
0.001 0.01 0.1 1 10
[apoxidole] / M

kynurenine level / %

OzS\ \COztBU
N\ R N (S)
/

N
Me COzMe

CO,Et

(S,R)-96g
ICs0yn(HeLa) = 46.72 & 2.44 nM

Kyn assay in BxPC-3 cells

L) 1
0.001 0.01 041 1 10 100

[apoxidole] / M

Figure 22 Structures and I values ofsingle enatiomers(R,9-96gand(S,R- 96g(meant SD, n= 3)

in HeLa cellsandin BXPG-3 cellsupon treatment with IFN, L-Trp and compounds for 48and detection

of Kyn usingp-DMAB (meanz SD, n= 3).

It was therefore decided thahe enantiopurgS,R-96g would be taken further in target
identification studies to determine its mode of action in redu€yrglevels.
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2.3.6.2.1Activity of the Bridged-Bicyclic NP-like Compounds

Alongside the pseudNP class, a few derivatives of the bridg&cyclic compoundsvere also
submitted for screening (Figure 23n comparison to the pseudiPs, the bridged compounds
were weakly active in reducirigyn levels. However the benzyl estecontaining compoun(R,S}
98b revealed sulmicromolar activity with anlCsp = 0.53 £ 0.16 pM in an osteoblast

differentiation assay.

(S,R)-98a (R,S)-98a (R,S)-98b
ICsokyn(HeLa) =7.01 £+0.77 yM  ICspxyn(Hela) =3.50 £0.12 M ICspx,n(HeLa) = 1.60 +0.16 uM

ICSO;ODA =0.53+0.16 uM

Figure23: Results of initial phenotypic screening of the briddpaci/clo compounds.

These early indications of biological activity has prompted significant library exqmeaisd SAR
studies. This is particularly important, as such a compound class has not been studied for

bioactivity before.

2.3.6.3Target Identification: Inhibition of apo-IDO1

All biological investigation andssaysavereperformed by Lara bBtsch

Undestanding where @mall moleculéinds and how it binds in order to regulate the function of
the biological target is critical, especially from a therapeutic standpdista result, a range of

methods to identify and validate tatg were employed

In orderto determine how(S,R-96g was causing a reduction itellular Kyn levels initial
experiments explored the possibilityinterference inDO1 expressionTheimpact on théDO1
promoter wasnalysedy means of a reporter gene asdagiyre 24). However the pseuddNP

(S,R-969g showed no reduction ahe expression of the reporter, indicating tHa©1 gene
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expression is not inhibiteéurthermore(S,R-96adid not alteilDO1 mRNA leveland(S,R-96g
had no influence othe protein level ofIDO1 (Figure24B and 24C)again strongly suggesting
that there is no interference of IDO1 expression.

A IDO1 promoter RGA B IDO7 mRNA levels C IDO1 protein levels
120+
°\° o
> 1F s 5T XX T F - =120 X 1201
= I 5 i s : ° i
g 3 5
[ < 80_ 'E 80'
g : g
E % ]
g 40 5 404 = 401
- Q o
o] = =]
Q
0 T T T T 1 0——T*r 0
0.001 001 01 1 10 100 + - + + IFNy + - + + IFN+vy
[(S,R)-96g] / uM 5 10 [(S,R)-96a]/ pM - - 5 10[(S,R)-96g]/uM

Figure 24: The pseudd\P classreducs cellular kynurenine (Kyn) levels, but denot inhibit IDO1
expression. AReporter gene assay (RGA) in HEK293T cells esgirgy firefly luciferase (Fluc) under the
control of thelDO1 promoter and constitutivRenilla luciferase expression. Expressioh Fluc was
inducedbyIFNo wi t h si mul t a 1iSeRe96gdor 48 (meant B2, N=t3). BYIDO1IMRNA
expressionn Hela cells upon treatment with IFIN  a($,RF96aor DMSO for 24h (meant SD, n= 3)
C) IDOL1 protein levels in HeLa cells that were treated with-tFN a($1R}96gor DMSO for 24 h.

Altered tryptophan ptake into IDQ-expressing cells could alstau® reduced Kyn levels.
Trangort of Trp into cells is typicallfacilitated byl -typeamino acid transmembrane transporters
(LATS)" or tryptophanyHRNA synthetases (TrpRS). The latt@re highly expressed upon
treatment with IFNoi278 and can be inhibited by Trp analogdemethykL-tryptophan (1-
MT).178179|n order togaugeif (S,R-96gwas interfering wittuptake mechanissnBxPG-3 cells
weretreated with and without IFY andstarved of Trp for 72ljFigure 25) In the presencef
IFN-2 , higherL-Trp uptakenvas observedpon tretment with IFNo. However, his islikely due
to induced expression dfrpRS and IDOJ] sothere isa higher demandor the Trp substrate
Importantly, when compared to known Trp uptake inhibitorsel (known to saturate amino acid
transporterd®®) and tmethykTrp, it was determined th&8s,R-96g does not have influence on
Trp transportation into the cell
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L-Trp Uptake

L-Leu,
75- DMSO L-Leu 1-MT 1-MT (S,R)-96a
5
?-..e 50+ -
o - ar
=L )
S
=%
-}
2
Ly
-

254 + - + - + - + - + - |FN«y

Figure25: Influence of(S,R-96aon L-Trp uptake. BXPE3 cells were starved for-Lrp for 72h and treated

withlIFN-o f or 24h prior to adMiL-teu,dmM BMT)a DpMt(3,R96a i nhi bi
for 30 min. Afterwards, 5QuM L-Trp was added and-Lrp uptake was quantified witHPLC-MS/MS

(meant SD, n=3). IFNGR: Interferorgamma receptor. LAT: systemdmino acid transporter-Leu: L-

leucine. IMT: 1-methytL-tryptophan. TrpRS: tryptophantiRNA synthetase.

Attention was then turned tdirect inhibition of IDO1lin vitro. Typically, to evaluate IDO1
inhibitors, this assay is performed at’@5however(S,R-96a showed no activity. Howevein-
vitro, holo-IDO1 (heme containing IDO1 form) ihe dominant enzyme formpresent and to
evaluateactivity of apelDO1 (northeme contaimg) inhibitors, a higher temperature is needed
for heme dissociatioh®''8% Therefore,after preincubation at 37°C(S,R-96a showed alose
dependentlecrease itDO1 activity (Figure26A). This requirement for heme displacement is the
reason why aptDO1 inhibitors have less potent d¢valuesin vitro than in cells.Crucially, the
observed inhibition was recognised as a comutmracteristic for small molecules that bid

the apdorm of IDO1 (e.g. Linrodostat) thysreveriing heme bindingt6!

In order to prove tha{S,R-96g was bindingto IDOL1, the thermal denaturation of IDO1 was
analysedising nano differential scanning fluorimetfidure26B). Treatment of IDO1 witl§S,R-
96gpositivelyshifted thehermal denaturatiolemperaturelm, from45.7+ 0.2°C to 53.5 0.2°C,

a difference of 7.7+ 0.3°C,showing tha{S,R-96gdirectly binds to IDOL. In order to ascertain

if binding of (S,R-96ginduced heme los§JV/Vis spectroscopyvas usedo monitort he @A Sor et

peako (@®.Thgesoret peaksshowrse maximumabsorbance ofdmecontaining enzymes
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at 4 nm. A redshift of the maximum indicates ligand edmation to the hemavhilst reduced
signalintensityindicatesheme los$'®? Single enantiome(S,R-96g dosedependently reduced
the Soret peak, proving that compounddmg to IDO1 releases hemia addition,increasing
concentrations of free hemin reduced the potenc{Sd-96gin the Kyn assayHigure 26D)
which in hand with the Soret plstiggest thafS,R-96gcompetes with heme for apbO1.

A in vitro Kyn assay B nanoDSF
1601
-®- Epacadostat
. -e~ Linrodostat 0.03
;; 1204 I — DMSO
> -
K] }"‘ . ~*- (S,R)-96g e o = = 5 uM Linrodostat
@ v (- 029
2 80- i T 1 — 7.5 uM (S,R)-96g
5 4 g =) [
- [T P\
E e 0.011
£ 404 =3 o
Z ] ?
0.00
0 0 61 0'1 ; 1'0 160 30 40 50 60 70 80 90
’ ) temperature / °C
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| D . _
UV/Vis spectrophotometry Kyn assay in presence of hemin
0.8+ : 120+
: — DMSO {oiiino.....DMSO + hemin
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Figure26. PseudeNP (S,R)96g inhibits IDO1 by binding to aptDO1 and releasing heme. A) Purified
IDO1 protein was treated wii{$,R}96g, Linrodostat orepacadostat for 4@in at 37°C prior to detection
of Kyn levels usingp-DMAB (meanz SD, n=2). B) Dosedependent inflence of S,R}96gon the melting
temperature of IDO1. Purified IDO1 was treated wWithR}96g or DMSO for 60min at 37°C prior to
detection of the intrinsic tryptophan/tyrosine fluorescence upon melting. $eepative melting curves
shown. G UV/Vis spedra of IDO1. Purified IDO1 was treated wi{®,R}96g, Linrodostat(20 pM) or
DMSO for 2h at 37°C prior to acquiring UV/Vis spectra. Representative spectra she\8jh Potted line
indicates the Soret peak at 408. D) Determination of Kyn levels in psence of hemin. BxRG cells

were treated with IFN2 , -Trh, hemin and 608M apoxidolel for 48h prior to measuring Kyn levels
with p-DMAB (meanz SD, n= 3).
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However, it wasmportantto confirm that (S,R-96gwas targeting aptDO1 in cells. In ordeto
validate this tk thermal stability of IDO1 in a cellular thermahifs assay (CETSA)was
measuredf-8! Initial treatment of SKOV3 cells with(S,R-96gdid not show anghift in T, after
15min. However,as mentionedpre-incubation of IDO1 with compounds at 37°C is required to
identify apelDOL1 inhibitorsin vitro as heme dissociation from helDO1 is a slow and reversible
processTherefore the shorttreatment timevas not long enough tllow (S,R-96gto displace
hemeand bind to apelDO. Instead cells were préreated with the heme synthesis inhibitor
succinylacetone 2K prior to (ETSA to ensure that ag®O1 wasthemajorform upon compound
exposureUpon treatment witliS,R-96¢g, a shiftin Tn of 7.9+ 0.6°C Figure27) wasmeasured
Interestingly,comparing the protein melting behaviour of 1 (without heme synthesis
inhibitor) and apdDO1 (with heme synthesis hibitor), there wa a clear difference. For helo
IDO1, a Tm of 59.9 + 0.2°Cwas recorded, whereas ajwO1 was 50.2+ 0.2°C. This finding
indicates that hokdDO1 has ahigher themal stability than apéDO1 buthemebinding or the
binding of(S,R-96gto apelDO1 stabilises the protein (positive thermal shift).

A B

holo-IDO1 apo-IDO1
vcvcvVvcvcvVvcvcyvece vcvcvcvcvcecvcecyve
Ll T L L a-1DO1 bk L] T T a-IDO1
441 479 51.0 545 58.0 613 645 °C 441 479 510 545 58.0 613 645 °C

125-
-~ (S,R)-96g

=0~ vehicle

-~ (S,R)-96g

1004 0~ vehicle

754
50+

254

soluble fraction of IDO1/ %
soluble fraction of IDO1 /%

0

36 41 46 51 56 61 66
temperature / °C temperature / °C

Figure 27 Cellular thermal shift assay (CETSA) for IDO1 in SK&\ellswith quantification of IDO1

band intensities (n@a+ SD, n=3). A) Representative immunoblot (n = 8hd thermal profilef holo-

IDO1 (in absence of SAB) Representative immunoblot (n =&)d thermal profilapcIDO1 (in presence

of SA) upon compound treatmenapclDO1. Cells were treated with IFN a npM sdc@inylacetoe

(heme synthesis inhibitpfor 24 h prior to addition of 3M (S,R-96gor DMSO for 15min
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Finally, the selectivy of (S,R-96gwas explored. As well as IDOL1 in its various forms, also
expressed in cells are TDO and ID&%:1%IThese enzymasf IDO1 also catabolise Trp and have
a hemecontaining active sitesoit is therefore important to confirm if pseudi’(S,R-95h is
binding to them. Both gacadostat andlindorostatare reported to havbkigh selectivity for
IDO1.B? In the case of Epacadostat > 000fold selectivity over TDO and IDQYC.
Gratifyingly, pseudeNP (S,R-96gdid not inhibit TDO or IDO2comparable tdhe known ape
IDOL1 inhibitor LindorostatFigure 2§. This strongly supporthatthetype IV inhibitor(S,R-969g

is selective to IDO1

120- 120-
. {1p0Q . eoq
o~ o~
g 80- % 80+
2 >
:
O 40+ S 40-
0 1 1 1 1
X, X Q X, X Q
P G G 2" 3 & P
oé\ 'z»bo obo & 0“\ ,bb° °b° &
F oS & (8
K NG N R NG N
SIFS I SIS
‘DQ L) QJQ L)

Figure 28 (S,R)96g does not inhibit TDO and IDO2. A) Purified TDO protein was treated with
epacadostatl.inrodostator (S,R}96g for 120min at 37°C prior to detection of the reaction product
(meant SD, n= 3). B) Purified IDO2 protein was treated with epacadoiatpdostator (S,R}96g for

90 min at 30°C prior to addition of the IDO2 substrate. Samples were incubated for anotingn 20
30°C prior to detection of the reaction product (me&D, n= 3).

Confirmation of these results ledtothepsedlB c| ass being reassigned
name incorporatedoth the chemical and biologicalelevance of the compound class. It
acknowledges the indole core structure of the psé&lRlalas whilst combining the moeef-

actionof the most potent compound, apoxiddléformerly(S,R-969) inhibiting apcIDO1..
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2.4Summary

In summary the pseudd\NP approach waappliedsuccessfully in thelesign and synthescf a
novelpseudeNP classapoxdoles,which combines indole and THiPagmentsvia a monopodal
connectionDespite being fountbgetherin nature, he fragmentarrangements unprecedented
andwas obtainedisinga complexitygeneratingand stereoselectivephosphinecatalysed4+2]
annuhtion reactionunder ambient conditionghe reaction was limited with regard to allene
substituents and was unable to tolerate heterocycles other than indole. However, the latter should
be explored further, alongside other modifications to deliver furtheerse variants that would
benefit the exploration of chemical space. Neverthelbsstdactiorwas employed to afford4

examples with yields up to 93% aadup to 92%.

In parallel to the investigation of the apoxidoles, a bridgiegiclic NP-like compound claswas

also accessiblghrough an acid promoted ketene formation, at room temperature with notably
short reaction times. Her&e indole and THP fragments were conneédtea bridgeebipodal
pattern This scaffold to the best of our knowledghas not been previously undergone biological
studies Early biological resultsfrom celtbased screening assaiyslicatedactivity in both
kynurenine modulatioand osteoblast differentiationufther chemical expansion of this class is

ongoing.

On theother hand, inlogical evaluatiorof the apoxidoles pseuedP classn various celbased
assays rewaed thatheyrepresent a new chemotype in the modulation (specificadlyctior) of
kynureninelevels in cancer cellDeeper analysis revealdde mode of action usinghe most
potent derivativeapoxidole(S,R-96g which selectivéy targets and stabilisespoIDOL. This
inhibition of apelDOL1 classifies apoxidolés,R-96gas a type IV direct inhibitor.

Thesefindings provide are further validatiorihatthe pseuddNP approach is not limited tie
combination ofbiosynthetically unrelated fragments fact NP fragmentghat alreadyappear
together in natural products can be combined in unexplored arrangememble the discovery
of uniqguecompund classes endowedth biological activity.The de-novocombination of NP

fragmentss an advance of other strategies such as Bb@&voiding being guided by the starting
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scaffold or, in the case of BIOS and CtD, being limited in exploring chemiaaksp\s a result

the pseuddNP approach is able to uncover novel chemical structures and biological activity
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Figure 29 Summary of the design, synthesis and biological evaluation of the Apoxidole gsBuiiass

thatalso gave access to a bridgeidylo NP-like compound class.
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Chapter IlI: Experimental Methods

3. Experimental
3.1 General Information

Unless otherwisetated all commercially available compounds were used as provided without

further purification.Solvents for chromatography were technical grade.

Analytical thinlayer chromatography (TLC) was performed on Merck silica gel aluminium plates
with F254 indicator. Compounds were visualized by irradiation with UV light or potassium
permanganate stairgril.5 g KMnQ, 10 g KCOz, 1.25 mL 10% aqueous NaOH solution and 200
mL H20) withadditional heating with a heat gu@olumn chromatography was performed using

silica gel Merck 60 (particle size 0.0400063 mm).

H-NMR, *C-NMR and®F-NMR were recordedn Bruker AV 400 Avance |l HD (NanoBay),

Agilent Technologie®D2, Bruker AV 500 Avance Il HD (Prodigy), Bruker AV 600 Avance IlI

HD (CryoProbe) or BrukeAV 700 Avance IlIl HD (CryoProbe) spectrometarsing CDC4,

CD.Cl, or DMSOds as solvent. Dataarepor t ed i n the following or de

are reported in ppm with the solvent resonance as internal standarcs(CDGl = 7 .!8,6 pp m
U = 77. 1%, g€ flor= 5.2 ppm B 6FODVSOq:m F50 r

ppm for'H,  3B.52ppm for*C). Multiplicities are indicated br s (broad singlet), s (singlet), d
(doublet), t (triplet), g (quartet), m (multiplet); coupling constants (J) are given in Hertz (Hz).
2D NMR correlations, includingH/*H COSY,*H/*HNOESY,*H/*3C HSQC *H/**C HMBC, were
applied for the assignment of the signals

High resolution mass spectra (HWRS) were recorded on an LTQ Orbitrap mass spectrometer
coupled to an Accela HPL-Gystem (HPLC column: Hypersyl GOLD, 50 mm x 1 mm, particle

s i z e loniZtiorr methodi electron spray ionizati@&@sl)).

The enantiomeric excesses were determined by HPLC analysis using a chiral stationary phase
column (CHIRALCEL IC, CHIRALCEL IA; eluent: (DCM/EtOH = 100/2) iso-hexane or
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(DCM/MeOH = 100/5) fiso-hexane(4.6 mm x 250 mm, particle sizegdn). The chiral HPLC
methods were calibrated with the corresponding racemic mixtures.

Fourier transform infrared spectroscopy {ll) spectravere obtained with a Bruker Tensor 27
spectrometer (ATR, neat) and are repoitetdrms of frequencgf absorption (crm).

Acid chlorides were either commercially available or made from their corresponding carboxylic
acidfollowing the reported procedulé® 2-Bromostyrenes were also commercially available or
made frontheir corresponding-Bromobenzadehyde following a modified version of the reported

procedurd!®’]

Material and methods for biological experiments of Chapter Il can be found in the thesis of Lara
Dotsch.
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3.2 Chenical Synthesisfor Chapter |

3.21 General Procedure for the reaction oNN-OPiv benzamidesand styrenes

o [RhCp*Cl,], (1 mol%)
. XX KOAc (0.25 equiv.) NH R
N/OP|v ) @\/\ . .
H R MeOH [0.1 M], RT, 16 h

56 63-64 A

In a dram vial equipped with a stirring bar was added [RhGpF.0 mol%), KOAc (0.025

mmol, 0.25 eq.)N-OPivberzamide 56) (0.1 mmol, 1.0 eq.) and dry MeOH [0.1 M]. The mixture
was stirred for 30 seconds before the addition of the sty2&n@(15 mmol, 1.5 eq.). The reaction

was left to stir at room temperature for 16 h. The solvent was then evaporated unded red
pressure and the crude mixture was purified by silica gel chromatography using Pent: EtOAc (3:1)

as eluent to afford th& andC.

3-(2-methylphenyl)-3,4-dihydroisoquinolin-1(2H)-one (A5 )
0

O NH Me

Off-white solid, 6% yield*H-NMR (500 MHz - CDClI3): U 8.15 (dd, J = 7.7,
i 7.43 (m, 2H), 7.40 (i, J = 7.6, 1.1 Hz, 1H), 7i31.23 (m, 1H), 7.27 7.13 (m, 3H), 6.04 (s,

1H), 5.14 (ddd, J = 11.4, 4.7, 1.1 Hz, 1H), 32812 (m, 1H), 3.12 3.03 (m, 1H), 2.39 (SH);
13C-NMR (125 MHz-CDCl3):i 166 . 7 6, 138. 73, 137. 73, 135. 00,
128.12, 127.40, 126.92, 125.68, 52.25, 36.07, 19.19.
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3-(2-methylbenzyl)isoindolin-1-one (G )

o
()

Me
White solid, 37% yield'H-NMR (500MHz -CDCls): . 7. 81 (dt , J = 7.5, 1.
J=17.5,1.2Hz, 1H), 7.477.38 (m, 1H), 7.29 (dg, J = 7.6, 0.9 Hz, 1H), 7.15 (it, J = 3.7, 1.6 Hz,
4H), 6.21 (s, 1H), 4.72 (dd, J = 10.0, 4.8 Hz, 1H), 3.23 (dd, J = 13.7, 4.9 2.6/ (dd, J =
13.8,10.0 Hz, 1H), 2.30 (s, 3HYC-NMR (125 MHz-CDCl3): . 170. 2 2, 147. 01, 1:
131.94, 131.70, 130.93, 129.80, 128.49, 127.43, 126.54, 124.06, 122.64, 56.95, 38.78, 19.69.

3-(2-bromophenyl)-3,4-dihydroisoquinolin-1(2H)-one( A0
0

O NH Br

White solid, 16% yield'H-NMR (500MHz -CDCls):i 8. 06 (dd, J = 7.8, 1
J=8.0,1.2 Hz, 1H), 7.457.35 (m, 2H), 7.32 (td, J = 7.6, 1.2 Hz, 1H), 7.25 (td, J = 7.6, 1.3 Hz,

1H), 7.18i 7.07 fn, 2H), 6.16 (s, 1H), 5.205.21 (m, 1H), 3.29 (dd, J = 15.8, 5.2 Hz, 1H), 3.04

(dd, J = 15.8, 9.3 Hz, 1H}3C-NMR (125 MHz-CDCls): i 166. 99, 139. 71, 13
132.87, 129.67, 128.18, 128.09, 127.98, 127.64, 127.48, 127.46, 122.64, 54.65, 34.90.

3-(2-bromobenzyl)isoindolinnrl-o n e §( C6
0

O
()

Br
White solid, 53% vield'H-NMR (500MHz -CDCls): 4 7. 78 (d, J = 7.6 Hz,
7.9, 1.3 Hz, 1H), 7.51 (td, J=7.5,1.2 Hz, 1H), 7.43 (t, J=7.4 Hz, 1H), 7.34 (ZjﬁJ—IZ, 1H),
7.257 7.17 (m, 1H), 7.17 7.07 (m, 2H), 6.48 (s, 1H), 4.89 (dd, J = 9.3, 4.7 Hz, 1H), 3.43 (dd, J
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= 13.6, 4.6 Hz, 1H), 2.75 (dd, J = 13.6, 9.4 Hz, TAJ-NMR (125 MHz-CDCls): 4t 17 0. 3 8,
146.75, 136.52, 133.35, 131.97, 131.72, 131.68,182928.53, 127.90, 124.73, 124.00, 122.82,
56.14, 41.84.

3.22 General Procedure for the synthesis dN-OBoc-benzamides(65)

1) NH,OH.HCI (2.0 eq.)
o K,CO3 (2.0 eq.), EtOAc:H,0 (2:1) 0

0°C to RT, 14 h o8
R—' X Cl - R@)J\H/ ocC
A 2) Boc,O (1.2 eq.), NaOtBu (5 mol%) N

DCM [0.5 M], RT, 14 h 65

Following a modified procedure by Fagnetiall®? a flask was charged with hydroxylamine
hydrochloride 1.5 equiv.), potassium carbonate (2.0 equivalent) and solvent (EtOAc/water; 2:1).
The reaction was cooled to 0 °C with vigorous stirring before dropwise addition of acid chloride
(1 equiv.) dissolved in EtOAc (2 ml). The reaction was stirred at RT for THéhreaction mixture

was diluted with water and extracted with EtOAc (2 x 20 ml). The combined organic layers were
washed with brine (10 ml), dried over anhydrous sodium sulfate and concemratadio The

crude hydroxamic acid was used in the neap stithout further purification.

The hydroxamic acid (1.0 equiv.), N&# (5 mol%) and dtert-butyl dicarbonate (1.2 equiv.)
were dissolved in DCM [0.5 M]. The mixture was stirred at RT for 14 h. The reaction mixture was
guenched with saturated NaH&®olution (10 ml) and extracted with DCM (2x 10 ml). The
organic layer was dried over P&, concentratedn vacuq and then purified by silica gel
chromatography (Pent/EtOAc, 5:1) to give the title prodiicts

All the benzamides are reported and their chiarmation matches the literatuifg8-18°l

3.2.3General Procedure for the synthesis of styrenes

X
Br 1) nBuli (1.2 eq.), THF [0.2 M]
| 5 -78 °C 1h then RT, 14 h
N
R1—: " A o R1_: ~
= 2) MsClI (1.1 eq.), EtsN (2.0 eq.) =

DCM [0.01 M], 0 °C - RT, 14 h

According to the reported procedidfd, a 100 mL round bottom flask was charged with 2
bromostyrene (1.0 eq.) and THF [0.2M]. The solution was then coolg@ ttC andh-BuLi (1.2
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eg., 1.6 M solution in hexanes) was added dropwise. The resulting mixture was then sfii8ed at

°C for 1 h. Ethyler oxide (3.0 eq., 2.5 M solution in THF) was then added to the reaction mixture
and stirred for an additional 0.5 h-&8 °C. The reaction was then warmed to RT and stirred for

14 h. A saturated solution of N€lIl (10 mL) was added, and the aqueous laysshed with EO

(3 x 25 mL). The combined organic layers were dried ove6SNa filtered and concentrated
vacuoto afford the corresponding alcohol which was used in the next step without further
purification.

The resulting alcohol (1.0 equiv.) anéethylamine (1.1 equiv.) were dissolved in DCM [0.01M]

and cooled to 0°C. Then MsCI (1.1 equiv.) was added dropwise and the reaction was stirredat RT
for 12h. The solvent was removed under reduced pressure and the crude material was purified by
silica gelchromatography (Pent/EtOAc, 4:1) to afford the title styréhes

Some of the styrenes are reported and our characterization matches the Iitétatdre.

2-vinylphenethyl methanesulfonate §0)

\

OMs

Colourless oil, 78% yielddH-NMR (400 MHz i CDCl3s): U 77. 7546 (m, 1H), 7.29 7.25 (m,

1H), 7.25i 7.22 (m, 1H), 7.21 7.18 (m, 1H), 6.97 (dd}= 17.3, 11.0 Hz, 1H), 5.68 (dd= 17.3,

1.3 Hz, 1H), 5.37 (dd] = 11.0, 1.3 Hz, 1H), 4.36 {,= 7.2 Hz, 2H), 3.15 () = 7.2 Hz, 2H), 2.83

(s, 3H);3C-NMR (101 MHzi CDCls): . 137 . 3, 134. 0, 133. 4, 130. 5,
69.6, 37.4, 33.1HR-MS: calc. for [M+H]" C11H1503S: 227.07364, found: 227.07423

5-methyl-2-vinylphenethyl methanesulfonate 66a)
A

OMs

Me

Colourles oil, 70% yield!H-NMR (500MHz -CDCl2): 4 7. 43 (d, J 1=704. 9 Hz,
(m, 1H), 7.03 (d, J = 1.7 Hz, 1H), 6.95 (dd, J = 17.3, 10.9 Hz, 1H), 5.65 (dd, J = 17.3, 1.3 Hz, 1H),
5.321 5.29 (m, 1H), 4.32 (t, J = 7.2 Hz, 2H), 3.10 (t, J = 7.2 H¥), 2.82 (s, 3H), 2.32 (s, 3H);
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13C-NMR (126 MHz - CDCl2): 4 138. 52, 134. 71, 134. 22, 133.
116.00, 70.54, 37.60, 33.38, 21.31R-MS: calc. for [M+H]" Ci12H1703S: 241.08929, found:
241.08939.

2-(6-vinylbenzo[d][1,3]dioxol-5-yl)ethyl methanesulfonate (66

. |
SO0

Colourless oil, 40% yieldH-NMR (500MHz -CD2Cl2): 4 6. 99 ( s, 1H), 6. 86 (
Hz, 1H), 6.66 (s, 1H), 5.95 (s, 2H), 5.55 (dd, J = 17.2, 1.1 Hz, 1H), 5.26 (dd, J = 10.9, 1.),Hz, 1H

4.30 (t, J = 7.2 Hz, 2H), 3.06 (t, J = 7.2 Hz, 2H), 2.89 (s, HENMR (126 MHz - CD2Cl): U

147.6, 147.4, 133.4, 130.9, 127.3, 115.2, 110.2, 106.0, 101.3, 69.6, 37.5/R3IMS: calc. for

[M+H] * C12H1:05S: 271.06347, found: 271.06357.

4-(trifluor omethyl)-2-vinylphenethyl methanesulfonate (66c
A

OMs
FsC
Colourless ail, 52% yieldH-NMR (400MHz -CDCl3): i 7. 66 (s. 1H), 7.43 (
7.03 (d, J = 1.7 Hz, 1H), 6.95 (dd, J = 17.3, 10.9 Hz, 1H), 5.65 (dd, J =113 8z, 1H), 5.32
5.29 (m, 1H), 4.32 (t, J = 7.2 Hz, 2H), 3.10 (t, J = 7.2 Hz, 2H), 2.82 (sIXHNMR (101 MHz
-CDCl3): 0 137. 96, 137. 23, 132. 85, 130. 78, 129. 90
68.54, 37.48, 32.93'%-NMR (470 MHz, CDClz): li=-62.68.

2-(vinyl-2,2-d2)phenethytd2 4-methylbenzenesulfonate (68 )
D
A

D

OTs

Colourless oil, 75% yield@0% D) *H-NMR (500 MHz - CDCls): U 71. 7668 (m, 2H), 7.34

(dd, J = 7.6, 1.5 Hz, 1H), 7.247.17 (m, 2H), 7.14 (td] = 7.5, 1.4 Hz, 1H), 7.10 (td, J = 7.4, 1.5

Hz, 1H), 7.01 (dd, J = 7.5, 1.4 Hz, 1H), 6i76.70 (m, 1H), 4.12 4.01 (m, 2H), 2.97 (t, J=7.5
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Hz, 2H), 2.37 (s, 3H::3C-NMR (126 MHz-CDCl3): it 14 4. 6 6, 144. 62, 137.0
133.61, 133.37, 1817, 132.98, 130.27, 129.83, 129.82, 129.77, 127.97, 127.88, 127.84, 127.44,
127.17, 126.20, 126.19, 70.19, 69.78, 66.80, 32.80, 32.10, 21.63, 14.73.

3.2.4 General Procedure for the synthesis of-Bsoindolinones(67)

0 [RhCp*Cly], (1 mol%) 1 )
0B L ge @C\ KOAG (0.25 equiv.) r1L
|
R H X X MeOH [0.1 M], RT, 16 h

62, 67

65 66

In a dram vial equipped with a stirring bar was added [RhC#Cl.0 mol%), KOAc (0.025

mmol, 0.25 eq.)N-(OBoc)benzamide substratég) (0.1 mmol, 1.0 eq.) and dry MeOH [0.1 M].

The mixture was stirred for 30 seconds before the addition of the alkesteas2i§6), (0.15 mmol,

1.5 eq.). The reaction was left to stir at room temperature for 16 h. The solvent was then evaporated
under reduced pressure and the crude mixture was purified by silica gel chromatography using
DCM to DCM: DMA* (10:1) as eluent tafford the title 3lsoindolinones3.

*DMA: is a mixture of DCM:MeOH:NH (100:5:0.15).

2-((3-oxoisoindolin-1-yl)methyl)phenethyl methanesulfonate §2)

O Mso

(S
O

Colourless oil, 74% yieldH-NMR (500MHz -CDCls): 4 7 . 8=67.3,(14 Hz, 1H), 7.58 (td,

J=75, 1.2 Hz, 1H), 7.51 (t, 1H), 7.39 @= 7.6, 0.9 Hz, 1H), 7.3D 7.26 (m, 4H), 6.40 (br s,

1H, NH), 4.80 (ddJ = 9.7, 4.9 Hz, 1H), 4.4B4.29 (m, 2H), 3.36 (ddl = 14.0, 4.9 Hz, 1H), 3.13

(t, 2H), 2.91 (s, 3H), 2.81 ¢(dJ = 9.2, 4.8 Hz, 1H)!°*C-NMR (125 MHz-CDCl3): i 170. 36,
146.80, 135.87, 134.68, 132.18, 131.73, 130.66 (2C), 128.74, 128.00, 127.98, 124.16, 122.91,
69.71, 57.64, 38.18, 37.60, 32.FX-IR: | = 3245, 2514, 2159, 2030, 1976, 1690, 1468, 1346,
1168, 947 crt; HR-MS: calc. for [M+H]" C1gH2004NS 346.1107found: 346.1108.
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3-(2-(2-hydroxyethyl)benzyl)isoindolin-1-one 673

O Ho

(S
O

Red solid, 49% yieldH-NMR (400MHz -CDCls): i 7. 80 (dt, J =i7405, 1. (
(m, 2H), 7.34 (d, J = 7.6 Hz, 1H), 7.2§.13 (m, 4H)7.11 (s, 1H), 4.77 (dd, J = 9.6, 4.7 Hz, 1H),

3.86 (tp, J = 7.7, 3.6 Hz, 2H), 3.27 (dd, J = 14.0, 4.7 Hz, 1H),i22986 (m, 3H)13C-NMR (100

MHz -CDCls: & 161. 51, 147.07, 137.32, 135.97, 13
128.46, 127.55, 127.4326.96, 123.98, 122.68, 63.17, 58.25, 38.16, 3F-T4R: { = 3059,

2348, 1680, 1542, 1492, 1449, 1153, 1094, 1062, 1011, 856 L@MS: calc. for [M+H]

C17H1702N 268.1, found: 268.1.

2-((3-oxoisoindolin-1-yl)methyl)phenethyl acetate (67b
0

O NH OAc

Red oil, 63% yield!H-NMR (400 MHz - CDCla): & 7 . 39 7.3 0, Hz, 1H), 7.48 (td,=

7.5, 1.2 Hz, 1H), 7.42 (t, 1H), 7.30 @= 7.7 Hz, 1H), 7.20 7.11 (m, 4H), 6.47 (br s, 1H, NH),

4.73 (ddJ = 9.5, 4.9 Hz, 1H), 4.17 4.11 (m, 2H), 3.32 (dd] = 14.0, 4.9 Hz, 1H), 2.91 (t, 2H),

2.75 (dd,J = 9.2, 4.8 Hz, 1H), 1.93 (s, 3H¥C-NMR (101 MHz-CDCl3: 41 171. 08, 170.
146.88, 135.92, 135.70, 131.95, 131.73, 130.46, 130.40, 128.83, 128.51, 127.64, 127.44, 127.39,
124.01,122.78, 119.50, 64.50, 57.62, 38.16, 31.94, 2GF98IR: | = 3045, 2486, 2159, 1976,

1690, 1468, 1289, 1163, 973&mL.C-MS: calc. for [M+H]" CisH160sN 309.3, found: 309.3.
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3-(2-(2-((triisopropylsilyl)oxy)ethyl)benzyl)isoindolin-1-one 670
0

O NH OTIPS

Red oil, 58% yield!H-NMR (500 MHz - CDCl3): i 7. 7878 (m, 1H), 7.57 7.39 (m, 3H),

7.391 7.11 (m, 4H), 6.31 (s, 1H), 4.76 (dd, J = 10.1, 4.9 Hz, 1H), 3.81 (t, J = 7.0 Hz, 2H), 3.32
(dd, J = 13.8, 4.8 Hz, 1H), 2.86 (td, $:9, 2.1 Hz, 2H), 2.71 (dd, J = 13.9, 10.1 Hz, 1H), 1.05
0.96 (m, 3H), 0.99 0.78 (m, 18H)13C-NMR (125 MHz-CDCla: 4 170. 21, 147. 00,
135.64, 131.97, 131.57, 130.68, 130.02, 129.17, 128.85, 128.51, 127.47, 126.89, 124.06, 122.66,
64.50, 57.9, 38.41, 36.15, 17.93, 17.71, 13.67, 11.B9:IR: | = 3023, 2861, 1683, 1545, 1294,

1175, 1065, 1013, 849 c¢LC-MS: calc. for [M+H]" CagHa70:NSi 432.2, found: 432.2.

4-methyl-N-(2-((3-oxoisoindolin-1-yl)methyl)phenethyl)benzenesulfonamideg7d)
0

O NH ~ ~NHTs

Red oil, 87% vyield!H-NMR (400MHz -CDCls): 4 7. 74 (dd, J =17520, 1.3
(m, 2H), 7.41 (dtd, J = 22.8, 7.4, 1.2 Hz, 3H), 7.21 (d, J = 7.4 Hz, 1H)j 718 (m, 2H), 7.12

i 7.01 (m, 3H), 6.88 (s, 1H), 5.86 J = 6.2 Hz, 1H), 4.62 (dd, J = 8.9, 5.6 Hz, 1H), 3.12 (dd, J
13.8, 5.6 Hz, 1H), 3.002.96 (m, 2H), 2.91 2.75 (m, 2H), 2.71 (dd, J = 13.9, 8.9 Hz, 1H), 2.28
(s, 3H);*C-NMR (101 MHz-CDCl3):ti 170. 65, 146.91, 143.®6, 137
131.90, 131.66, 130.61, 130.10, 129.71, 128.81, 128.44, 127.65, 127.42, 127.24, 127.00, 123.91,
122.95, 57.68, 53.47, 43.86, 38.01, 33.17, 2IF49IR: | = 3592, 3057, 1681, 1486, 1320, 1152,

1017, 866, 815 cry LC-MS: calc. for [M+H]" C24H2403N2S 421.1, found: 421.1.
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4-methyl-N-(2-((3-ox0-2,3-dihydro-1H-benzo[flisoindo}1-
yl)methyl)phenethyl)benzenesulfonamideq7¢
0

I o

Red solid, 48% yieldtH-NMR (500MHz -CDCls): 4 8. 33 (d, J = 4.8 Hz,
Hz, 1H), 7.81 (d, J = 8.2 Hz, 1H), 7.76 (s, 1H), 7i70.61 (m, 4H), 7.59 7.48 (m, 3H), 7.19

7.03 (m, 5H), 4.89 (d, J = 7.0 Hz, 1H), 3.21 (dd, J = 13.7, 5.8 Hz, 1H)j I8! (m, 2H), 2.92

(dt, J=55.9, 7.9 Hz, 3H), 2.27 (s, 3H}¥Z-NMR (125 MHz- CDCl3): U 170.61, 143. 35
136.97, 136.72, 135.27, 132.94, 130.83, 130.17, 129.70, 129.63, 128.96, 128.26, 128.09, 127.79,
127.22, 127.01, 126.61, 124.63, 122.15, 58.03, 43.95, 38.54, 33.18, 29.73 FILIRL;| =

3630, 3057, 2549, 2148, 1685924 1321, 1207, 1073, 1017, 956, 905, 814'chC-MS: calc.

for [M+H] " CosH2603N2S 471.1, found: 471.1.

N-(2-((6-chloro-3-oxoisoindolin-1-yl)methyl)phenethyl)-4-methylbenzenesulfonamide §71)
0

O NH ~ ~NHTs
cl

Yellow oil, 28% yield.*H-NMR (500MHz -CDCl3):4 7. 74 (d, J = 8.1 Hz,
Hz, 2H), 7.46 (dd, J = 8.0, 1.7 Hz, 1H), 7.32 (d, J = 1.7 Hz, 1H),i77259 (m, 4H), 7.16 (ddd, J

= 15.4, 6.8, 2.1 Hz, 2H), 6.70 (s, 1H), 5.07 (s, 1H), 4.70 (dd, J = 9.4, 5.4 Hz, 1HJd8,2) =

14.0, 5.4 Hz, 1H), 3.15 (dt, J = 9.8, 7.3 Hz, 2H), 2.88 (t, J = 7.4 Hz, 2H), 2.78 (dd, J = 14.0, 9.3

Hz, 1H), 2.38 (s, 3H}C-NMR (125 MHz-CDClg):ti 168 . 34, 147.35, 142.5
135.41,134.01, 129.54,129.17, 129.02, 128.73 (X8),13, 126.92, 126.42, 125.97 (2C), 124.20,

122.40, 56.29, 42.79, 36.86, 32.19, 20HT:IR: | = 3182, 2514, 2360, 2159, 2030, 1977, 1692,

1327, 1155, 925 crl) HR-MS: calc. for [M+H]" C24H240sN2SCl 455.1190, found: 455.11809.
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2-((6-fluoro-3-oxoisoindolin-1-yl)methyl)phenethyl methanesulfonate §79)

O Mso

oo
F <

Colourless oil, 61% yieldH-NMR (500MHz -CDCl3):t 7. 83 (dd, J =18. 4, 5
7.23 (m, 4H), 7.19 (td, J = 8.7, 2.2 Hz, 1H), 7.06 (dd, J = 8.2, 2.2 Hz5139,(br s, 1H, NH),

4.77 (dd, J = 9.6, 5.0 Hz, 1H), 4.43.31 (m, 2H), 3.32 (dd, J = 14.0, 5.1 Hz, 1H), 3.13 (t, J = 7.8,

6.8 Hz, 2H), 2.93 (s, 3H), 2.872.77 (m, 1H)23C-NMR (125 MHz-CDCls):ti 169. 29, 166
164.46, 149.23, 135.45, 134.68, 130.7@8.15, 128.07, 127.80, 126.24, 116.57, 110.43, 69.64,

57.26, 38.08, 37.66, 32.8®F-NMR (470 MHz, CDCl3): ti=-106.13 (q, J = 7.6 HIR-MS: calc.

for [M+H] " C18H1904sNFS 364.1013, found: 364.1013.

2-((6-chloro-3-oxoisoindolin-1-yl)methyl)phenethyl methanesulfonate 67h)

o MsO

O NH
Cl

Yellow solid, 77% yield!H-NMR (500MHz - CDCls): i 7 . J3=8.1 HzdlH), 7.48 (ddI=8.1,

1.7 Hz, 1H), 7.39 (dJ}=1.7 Hz, 1H), 7.34 7.27 (m, 4H), 6.27 (br s, 1H, NH), 4.78 (det9.9, 4.9

Hz, 1H),4.437 4.35 (m, 2H), 3.34 (ddl=14.0, 4.9 Hz, 1H), 3.14 (#=7.3 Hz, 2H), 2.94 (s, 3H),

2.841 2.78 (m, 1H):3C-NMR (125 MHz-CDCl3): i 169 . 0 4, 148. 21, 138. 5
130.58, 130.52, 130.12, 129.26, 128.07, 127.97, 125.32, 123.34, 69.48 35 P¥337.56, 32.65;

FT-IR: { = 3199, 2507, 2360, 2159, 2029, 1977, 1708, 1376, 1162, 94pHRMS: calc. for

[M+H] * C1sH1904sNSCI 382.0685, found: 382.0688.
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2-((6-methyl-3-oxoisoindolin-1-yl)methyl)phenethyl methanesulfonate §7i)

O Mso

O NH
Me

Colourless oil, 61% yielddH-NMR (500MHz -CDCls): 4 7. 73 (d, J =738 Hz,

(d, 1H), 7.28 (m, 4H), 7.21 (d, J=1.6 Hz, 1H), 6.25 (br s, 1H, NH), 4.74 (dd, J=10.0, 4.6 Hz, 1H),

4.37 (m, 2H), 3.35 (dd, J=14.0, 4.6 Hz, 1HL3B(t, J=7.3 Hz, 2H), 2.91 (s, 3H), 2.75 (dd, J=14.0,

10.0 Hz, 1H), 2.47 (s, 3H}’)C-NMR (125 MHz-CDCl3): . 170. 47, 147. 27, 14
134.68, 130.63, 130.59, 129.74, 129.11, 127.99, 127.94, 123.92, 123.35, 69.73, 57.48, 38.26,
37.57, 32.69, 22.1FT-IR: | = 3232, 2513, 2159, 2029, 1977, 1690, 1618, 1346, 1168, 947 cm

L HR-MS: calc. for [M+H]" C1gH220sNS 360.1264, found: 360.1264.

2-((3-oxo-2,3-dihydro-1H-benzolflisoindo}l 1-yl)methyl)phenethyl methanesulfonate §7j)

0 MsO

X
S

Yellow oil, 74% yield.*H-NMR (500 MHz -CDCls): i 8. 40 (s, 1H), 8.03 (
7.92 (d, J=8.1Hz, 1H), 7.82 (s, 1H), 7.62 (td, J = 8.2, 6.8, 1.4 Hz, 1H), 7.58 (td, J = 8.1, 6.8, 1.4
Hz, 1H), 7.31 (d, J = 2.5 Hz, 4H), 6.56 (br s, 1H, NHY7 (dd, J = 9.7, 4.9 Hz, 1H), 4.474.30

(m, 2H), 3.46 (dd, J = 14.0, 4.9 Hz, 1H), 3123.11 (m, 2H), 2.92 (dd, 1H), 2.91 (s, 3HC-

NMR (125 MHz-CDClg): u 170 . 13, 141. 45, 135. 67, 135. 32,
129.67, 129.18, 128.26, 8D9, 127.96 (2C), 126.68, 124.64, 121.93, 69.62, 57.56, 38.78, 37.49,
32.67;FT-IR: T = 3189, 2928, 2522, 2360, 2159, 2029, 1977, 1690, 1639, 1342, 1178IBm

MS: calc. for [M+H]" C22H2204NS 396.1264, found: 396.1260.
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2-((5-methyl-3-oxoisoindolin-1-yl)methyl)phenethyl methanesulfonate §7k)

O Mso

Me
O NH

Colourless oil, 80% yielddH-NMR (500MHz -CDCls): i 7. 64 (d, J = 1.7 Hz
= 7.7, 1.6 Hz, 1H), 7.29 7.26 (m, 1H), 7.26 7.23 (m, 3H), 7.21 (d, J = 7.7 Hz), 6.58 (br s,

1H, NH), 4.75 (dd, J = 9.5, 5.2 Hz, 1H), 4.34 (m, 2H), 3.28 (dd, J = 14.0, 5.2 Hz, 1H), 3.10 (t, J =

7.3 Hz, 2H), 2.89 (s, 3H), 2.81 (dd, J = 14.0, 9.4 Hz, #fQ:NMR (125 MHz - CDCls): U

170.61, 144.14, 138.82, 135.93, 134.72, 133.16,8P3 130.65, 130.60, 127.94, 127.89, 124.32,
122.64, 69.71, 57.57, 38.24, 37.57, 32.72, 2IF48IR: { = 3189, 2522, 2362, 2159, 2029, 1977,

1690, 1343, 1168, 947 ¢inHR-MS: calc. for [M+H]" C1eH2204NS 360.1264, found: 360.1264.

2-((5-chloro-3-oxoisondolin-1-yl)methyl)phenethyl methanesulfonate 71 ahd 671 6

0 MsO

O NH
s

A mixture of regioisomers (1:1.3) were isolated as a colourless oil (81%).

Major isomer!H-NMR (500MHz -CDClz): 4 7. 75 (d, J = 7. Hz, )y, 1H),
7.48 (t, J = 7.7 Hz, 1H), 7.27 (m, 3H), 7.24 (m, 1H), 6.47 (br s, 1H, NH), 4.83 (dd, J = 10.4, 3.1

Hz, 1H), 4.43 (t, J = 7.1 Hz, 2H), 3.98 (dd, J = 14.2, 3.1 Hz, 1H), 3.22 (m, 2H), 2.92 (s, 3H), 2.56

(dd, J = 14.1, 10.3 Hz, 1H)}®C-NMR (125 MHz-CDCl3): . 167 . 75, 142.53, 13
133.17, 132.48, 131.69, 129.52, 129.29, 128.42, 126.87, 126.82, 121.64, 68.63, 56.31, 36.37,
34.61, 31.36FT-IR: T = 3198, 2515, 2360, 2159, 2028, 1977, 1693, 1344, 1166, 947HR:

MS: calc. for [M+H]" C1gH1804NSCI 382.0685, found: 382.0688.

Minor isomer:*H-NMR (500MHz -CDCl3):t 7.80 (d, J = 1.9 Hz, 1H),
1H), 7.27 (m, 3H), 7.24 (m, 2H), 6.63 (br s, 1H, NH), 4.78 (dd, J = 9.4, 5.3 Hz, 1H), 4.36 (m, 2H),

3.30 (dd, J = 14.0, 5.3 HZH), 3.11 (t, J = 7.3 Hz, 2H), 2.92 (s, 3H), 2.84 (dd, J = 14.4, 9.1 Hz,

1H); 13C-NMR (125 MHz-CDCls): i 167 . 8 1, 143. 75, 134. 36, 133.
(2C), 129.56, 126.96, 126.89.26.88 (m), 123.16, 123.15, 68.53, 56.27, 36.94, 36.50, HT67;
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IR: T = 3198, 2515, 2360, 2159, 2028, 1977, 1693, 1344, 1166, 947 HR*MS: calc. for
[M+H] * C1gH1904NSCI 382.0685, found: 382.0688.

2-(6-((3-oxoisoindolin-1-yl)methyl)benzo[d][1,3]dioxol-5-yl)ethyl methanesulfonate 67m)

0 MsO

Colourless oil, 40% yieldH-NMR (500MHz -CDCl3): 4 7. 86 (d, J = 7.5, 1.
J=75,1.2 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.41 (d, J = 7.6, 1.0 Hz, 1H), 6.73 (d, J = 2.0 Hz,
2H), 6.41 (br s, 1H, NH), 5.985.96 (m, 2H), 4.75 @ J = 9.7, 4.9 Hz, 1H), 4.354.23 (m, 2H),

3.25 (dd, J = 14.2, 5.0 Hz, 1H), 3.02 (t, J = 7.3 Hz, 2H), 2.96 (s, 3H), 2.71 (dd, J = 14.2, 9.7 Hz,
1H); 13C-NMR (125 MHz-CDCl3): i 169 . 2 4, 146. 21, 146. 19, 145.
127.64, 126.65, 1238, 121.73, 109.19, 109.14, 100.35, 68.50, 56.82, 36.94, 36.55, BI.64;
IR: | = 3182, 2516, 2159, 2030, 1977, 1694, 1502, 1485, 1367, 1276, 1166, 1039;9HRem
MS: calc. for [M+H]" C19H200sNS 390.1007, found: 390.1005.

4-methoxy-2-((3-oxoisoindolin-1-yl)methyl)phenethyl 4methylbenzenesulfonate@7n)

OMe
Pink oil, 55% yield'H-NMR (600MHz -CDCls): 4 7. 81 ( d, J = 7.5, 1.2
7.4 Hz, 2H), 7.52 (t, J =7.5, 1.2 Hz, 1H), 7.42 (t, J = 7.5 Hz, 1H),i77288 (m, 1H), 7.16 6.99
(m, 2H), 6.81 (d, J =2.0 Hz, 2H), 6.73, (d, J = 7.5 Hz, 1H), 6.66 (br s, 1H, NH), 4.69 (dd, J = 9.7,
4.9 Hz, 1H), 4.07 4.05 (m, 2H), 3.72 (s, 3H), 3.58 (dd, J = 14.2, 5.0 Hz, 1H), 3.02 (t, J = 7.3 Hz,
1H), 2.89i 2.68 (m, &), 2.32 (s, 3H)!*C-NMR (167 MHz-CDCl3): i 17 0. 52, 158. 90,
144.86, 136.67, 132.91, 132.41, 131.59, 131.04, 129.83, 128.85, 128.74, 127.76, 127.44, 126.49,
124.18, 122.84, 115.80, 113.20, 70.21, 58.12, 55.35, 38.07, 31.65, 31.45, 29.7IF PAR3{
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= 2923, 1684, 1609, 1466, 1291, 1188, 1096, 1010, 897, 814LcMS: calc. for [M+H]'
C2sH2505NS 452.3, found: 452.3.

2-((6-nitro -3-oxoisoindolin-1-yl)methyl)phenethyl methanesulfonate 70

O Mso

O NH
O,N

Yellow solid, 18% jeld. 'H-NMR (500MHz -CDCls): 4 8. 39 (dd, J =i8.2, 2
8.25 (m, 1H), 8.01 (d, J = 8.3, 0.6 Hz, 1H), 7i37.28 (m, 3H), 7.26 7.23 (m, 1H), 6.50 (br s,

1H, NH), 4.91 (dd, J = 9.7, 5.0 Hz, 1H), 4148.37 (m, 2H), 3.43 (dd, J = 14.01%z, 1H), 3.16

(t, J = 7.3 Hz, 2H), 2.97 (s, 3H), 2.82.85 (m, 1H)13C-NMR (125 MHz-CDCls): i 167 . 6 0,
150.44, 147.44, 137.06, 134.80, 134.61, 130.68, 130.59, 128.33, 128.10, 125.24, 124.32, 118.67,
69.44, 57.41, 37.83, 37.62, 32. KX -IR: | = 3192 2929, 2523, 2360, 2159, 2030, 1977, 1715,

1690, 1525, 1342, 1163, 976 ¢nHR-MS: calc. for [M+H]" C1sH190sN2S 391.0959, found:

391.0958.

2-((3-oxoisoindolin-1-yl-1-d)methyl-d)phenethyld2 4-methylbenzenesulfonate&7p)

Colorless oil, 67% yielddH-NMR (600MHz -CDCls): i 7. 76 (d, J = 7.5, 1.
J = 7.4 Hz, 2H), 7.49 7.39 (m, 2H), 7.19 7.08 (m, 6H), 6.57 (br s, 1H, NH), 4.14.04 (m,

2H), 3.12 (s, 1H), 2.96 2.92 (m, 2H), 2.35 (dd, J = 14.2, 542, 1H), 2.32 (s, 3H}3C-NMR

(151 MHz-CDCls): . 170. 47, 146. 67, 144. 90, 144. 66, 13
132.82, 131.97, 131.70, 130.45, 130.38, 130.27, 129.86, 129.79, 128.78, 128.55, 127.97, 127.87,
127.82, 127.75, 127.73, 127.65, 44, 126.19, 123.97, 122.82, 119.31, 77.29, 69.99, 69.81,
66.84, 32.78, 32.28, 21.63, 14.FX-IR: | = 3061, 1684, 1692, 1597, 1493, 1354, 1188, 1095,

1010, 960, 815 cry LC-MS: calc. for [M+H]" C24H21D20:NS 424.1, found: 424.1.
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3.2.5General Procedurefor the synthesis of Isoindolobenzazepirsg68)

1) [RhCp*Cl,], (1 mol %)
KOAc (0.25 equiv.) (o)

MeOH [0.1 M], RT, 16 h
_OBoc Rz_/ | N
N ’ N
R H oM

2) KOtBu (3.0 equiv.) R
65 DCM [0.05 M], RT, 30 min R 68

In a dram vial equipped with a stirring bar was added [RhGpFCl1.0 mol%), KOAc (0.0025

mmol, 0.25 eq.)N-((tert-butoxycarbonyl)oxy)benzamide substréte(0.1 mmol, 1.Geqg.) and dry

MeOH [0.1 M]. The mixture was stirred for 30 seconds before the addition of the alkene substrate
(2), (0.15 mmol, 1.5 eq.). The reaction was left to stir at room temperature for 16 h. The solvent
was then evaporated under reduced pressuyeDDOM [0.05 M] was added to the crude mixture
followed bytBuOK (0.30 mmol, 3.0 eq.). The reaction mixture was stirred for 30 minutes at room
temperature. The reaction was then quenched withahd extracted with DCM (2 x 5 mL). The
organic layer was wasl with brine, dried over MgSQfiltered, and the solvent was evaporated.
The crude material was purified by silica gel chromatography (Pent/EtOAc, 4:1) to afford the title
compoundgl.

8,13 dihydro-6,13methanodibenzo|c,flazonin5(7H)-one (6&)

0
N

O~

White solid, 79% yield!H-NMR (500 MHz - CDCls): 7.82 (d,J = Hz, 1H), 7.557.48 (m, 2H),
7.43 (t,J = Hz, 1H), 7.627.22 (m, 1H), 7.19.13 (m, 3H), 4.8&.72 (m, 1H), 4.38 (d] = Hz,
1H), 3.22 (d, J = Hz, 1H), 3.e®2.81 (m, 4H; 13C-NMR (125 MHz - CDCl3s): 167.1, 144.9, 141.4,
137.8, 131.9, 131.6, 129.9 (2C),128.4, 127.4, 123.8, 122.2, 61.3, 42.3, 41.FRBE2; [ =
2910, 2508, 2159, 2029, 1976, 1679, 1451,0AR-MS: calc. for [M+H]" C17H160N = 250.1226
found: 250.1227.
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2-methyl-7,8,13,13atetrahydro-5H-benzo[4,3azepino[2,ta]isoindol-5-one (6&)
o]

N
o~
Me
White solid, 62% yield*H-NMR (500 MHz - CDCls): 7.77 (d,J= 7.7 Hz, 1H), 7.36 (s, 1H), 7.32
T 7.28 (m, 2H), 7.26 7.19 (m, 3H), 4.86 4.74 (m, 1H), 4.42 4.35 (d, 1H), 3.27 (dd] = 14.6,
1.7 Hz, 1H), 3.05 2.88 (m, 4H), 2.50 (s, 3H}3*C-NMR (125 MHz - CDClIs): 167.20, 1428,
142.19, 141.50, 137.94, 129.88 (2C), 129.42, 127.43, 127.05, 123.59, 122.63, 60.99, 42.68, 41.17,

36.38, 21.98FT-IR: { = 2921, 2513, 2159, 2030, 1976, 1676, 1415-chIR-MS: calc. for
[M+H] * C1gH160ON = 264.1382 found: 264.1384.

2-isopropyl-7,8,13,13atetrahydro -5H-benzo[4,9azepino[2,ta]isoindol-5-one (6&)
o)

N
A
White solid, 69% yieldH-NMR (500 MHz - CDCls): 7.80 (d,J = 7.8 Hz, 1H), 7.39 (d] = 1.4
Hz, 1H), 7.36 (dd,) = 7.8, 1.4 Hz, 1H), 7.3%4 7.31 (m, 1H), 7.26 7.21 (m, 3H), 4.81 (dd] =
11.6, 5.5 Hz, 1H), 4.4% 4.35 (m, 1H), 3.29 (dd] = 14.6, 1.7 Hz, 1H), 3.042.98 (m, 3H, 2.96
i 2.88 (m, 2H), 1.33 (d] = 6.9 Hz, 6H)13C-NMR (125 MHz - CDCls): 167.18, 153.26, 145.27,
141.53, 137.99, 129.90, 129.87, 129.82, 127.42, 127.04, 127.00, 123.70, 119.93, 61.13, 42.69,

41.18, 36.42, 34.69, 24.09 (2ET-IR: | = 2962, 2514, 2159, 2029, 1977, 1671, 141 dAR-
MS: calc. for [M+H]" CooH220N = 292.1695 found: 292.1697.
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2-methoxy-7,8,13,13atetrahydro-5H-benzo[4,3azepino[2,ta]isoindol-5-one (6&l)
o)

N

Cr~A0
MeO
White solid, 40% yield*H-NMR (500 MHz - CDClIs): 7.80 (d,J= 8.3 Hz, 1H), 7.31 (ddl= 5.3,
3.5 Hz, 1H), 7.25 (dd] = 5.6, 3.3 Hz, 2H), 7.247.20 (m, 1H), 7.03 (dl = 2.1 Hz, 1H), 7.01 (dd,
J=28.3, 2.2 Hz, 1H), 4.88 4.75 (m, 1H), 4.38 (d) = 10.9 Hz, 1H), 3.92 (s, 3iH3.24 (ddJ =
14.7, 1.7 Hz, 1H), 3.06 2.97 (m, 2H), 2.96 2.89 (m, 2H);’3C-NMR (125 MHz - CDCl3):
165.92, 161.85, 146.08, 140.47, 136.80, 128.86 (2C), 126.43, 126.00, 124.14, 123.56, 113.61,

106.32, 59.88, 54.72, 41.77, 40.16, 35@P:IR: | = 2919, 2515, 2159, 2027, 1666, 1610, 1414
cm; HR-MS: calc. for [M+H]" CisH1802N = 280.1332 found: 280.1334.

8,9,14,14aetrahydro-6H-benzo[flbenzo[4,5]azepino[2,4]isoindol-6-one ©8e)
o)

N
)

aY
Yellow powder, 72% yield*H-NMR (500 MHz - CDClIs): 8.40 (s, 1H), 8.03 (d, 1H), 7.99 (s,
1H), 7.96 (dJ = 8.2, 1.3 Hz, 1H), 7.6% 7.52 (m, 2H), 7.38 7.32 (m, 1H), 7.31 7.27 (m, 1H),
7.261 7.21 (m, 2H), 4.95 4.79 (m, 1H), 4.60 (d] = 11.1, 1.4 Hz, 1H), 3.40 (dd,= 14.7, 1.8
Hz, 1H), 3.13/ 2.92 (m, 4H);3*C-NMR (125 MHz - CDClz3): 165.87, 140.34, 139.15, 136.86,
134.14, 132.16, 128.91, 128.81, 128.75, 128.53, 127.07, 126.64, 126.43, 126.05, 125.40, 122.96,

120.09, 60.01, 42.44, 40.44, 35.F%-IR: T = 2923, 2519, 2031, 1976, 1686, 1418'cHR-
MS: calc. for [M+H]" C21H16ON = 300.1382 found: 300.1386.
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2-bromo-7,8,13,13atetrahydro-5H-benzo[4,5]azepino[2,4a]isoindol-5-one G8f)
o)

N

0

Br
White solid, 55% yield*H-NMR (700MHz - CDCl3): U 71. 7668 (m, 2H), 7.56 (dd, J = 8.0,
1.6 Hz, 1H), 7.22 (dd, J = 5.3, 3.5 Hz, 1H), 7i2ZD.12 (m, 3H), 4.76 4.68 (m, 1H), 4.38 4.33
(m, 1H), 3.18 (dd, J = 14.7, 1.8 Hz, 1H), 2198.91 (m, 2H), 2.91 2.82 (m, 2H); 13C-NMR
(167 MHz-CDCl3):u 166 . 21, 146. 67, 141. 25, 137. 33, 13
126.26, 125.65, 125.28, 60.76, 42.43, 41.31, 36.16, 2BT-R: | = 3053, 2913, 2159, 1683,

1493, 1363, 1277, 1166, 1050, 994, 893, 828;dr& -MS: calc. for [M+H* C17H14ONBr = 330.1
found: 331.1.

2-chloro-7,8,13,13aetrahydro-5H-benzo[4,3azepino[2, La]isoindol-5-one (6&))
o)
N

0

Cl

Yellow solid, 74% yield'H-NMR (600MHz -CDCls): 4 7. 74 (d, J ¥748. 1 Hz,
(m, 1H), 7.414d, J = 8.1, 1.8 Hz, 1H), 7.277.10 (m, 4H), 4.73 (ddt, J = 11.1, 9.3, 4.6 Hz, 1H),

4.4071 4.34 (m, 1H), 3.19 (dd, J = 14.6, 1.7 Hz, 1H), 3.a080 (m, 4H)3*C-NMR (151 MHz -

CDCl3): U 166. 13, 146. 46, 141. 25, 1377.68,4127.20,37 . 34
125.07, 122.70, 60.80, 42.44, 41.33, 36.18, 29.72, 1£D8R: | = 3054, 2918, 2160, 1683,

1452, 1306, 1166, 1027, 258, 894, 834%cmC-MS: calc. for [M+H]" C17H14ONCI = 284.3

found: 284.3.
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2-(trifluoromethyl) -7,8,13,13aetrahydro-5H-benzo[4,5]azepino[2,4a]isoindol-5-one ©8h)

o)
Ny
FsC
Yellow solid, 58% vyieldlH-NMR (500MHz -CDCl3): 4 7. 93 (d, J = 7.8 Hz,

7.71 (dd, J = 7.9, 1.5 Hz, 1H), 7.44 (td, J = 7.0, 1.7 Hz, 1H), 7.26 (dd, J3:613z, 3H), 4.81

4.70 (m, 1H), 4.45 (dd, J =11.0, 1.8 Hz, 1H), 3.26 (dd, J = 14.6, 1.8 Hz, 1H},3.08 (m, 4H);
13C-NMR (125 MHz- CDClI3): 11165.81, 145.22, 141.15, 137.15, 135.17, 133.97, 133.85, 133.71,
133.45, 129.99, 129.96, 128.11, 127 .¥27.68, 127.30, 125.88, 125.86, 124.93, 124.47, 122.76,
119.48, 119.45,119.41, 116.99, 61.18, 42.30, 41.47, 37.29, 3&06\R (470 MHz - CDCl3):
1-62.20;LC-MS: calc. for [M+H]" C1sH14OFRN = 318.1 found: 318.1.

2-iodo-7,8,13,13atetrahydro-5H-benzof,5lazepino[2,ka)isoindol-5-one (68)
o)

N
)~
|
White solid, 68% yield'H-NMR (600 MHz - CDCl3): i 7. 798 (m, 1H), 7.84 (dd, J = 8.0,
1.4 Hz, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.82.27 (m, 1H), 7.26 7.20 (m, 3H), 4.85 4.73 (m,
1H), 4.45i 4.36 (m, 1H), 3.25 (dd, J = 14.7, 1.8 Hz, 1H), 3.0697 (m, 2H), 2.97 2.88 (m,
2H); 3C-NMR (151 MHz - CDCl3): Ui 166.38, 146.71, 141.26, 137.75, 137.36, 131.56, 131.53,

129.92 (2C), 127.63, 127.20, 125.32, 98.37, 60.61, 42.41, B625%;FT-IR: | = 2896, 2352,
2115, 1997, 1674 ci) LC-MS: calc. for [M+H]" C17H140NI = 376.1 found: 376.1.
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1,3-dichloro-7,8,13,13atetrahydro-5H-benzo[4,5]azepino[2,4a]isoindol-5-one 68))
o)

Yellow solid, 58% yiel. 1H-NMR (700 MHz - CDCls): 7.69 (d, J = 1.7 Hz, 1H), 7.47 (d, J = 1.7

Hz, 1H), 7.26 7.21 (m, 1H), 7.20 7.12 (m, 3H), 4.76 4.68 (m, 1H), 4.41 (dd, J = 10.3, 1.7 Hz,

1H), 3.70 (dd, J = 14.5, 1.7 Hz, 1H), 3i02.94 (m, 2H), 2.91 2.83 (m, 1H), 2.66dd, J = 14.5,

10.3 Hz, 1H):3C-NMR (176 MHz - CDCl3): 164.71, 141.02, 140.05, 137.31, 135.70, 135.61,
131.96, 130.07, 129.80, 129.77, 127.69, 127.25, 122.80, 60.89, 53.43, 41.65, 39.47, 35.94, 29.71;
FT-IR: f = 3042, 2917, 1688, 1450, 1319, 1230, 1102, 959, 899 t@-MS: calc. for [M+H]
C17H130CLN = 318.2 found: 318.2.

3-(fluoro)-7,8,13,13atetrahydro-5H-benzo[4,5hzepino[2,ta]isoindol-5-one (68K
o)
N

—O A

Off-white solid, 44%yield. *H-NMR (700 MHz - CDCls): 7.69 (d, J = 7.4 Hz, 1H), 7.49 (td, J =

7.8, 4.5 Hz, 1H), 7.33 (dd, J = 5.3, 3.5 Hz, 1H), 7.2623 (m, 3H), 7.24 7.20 (m, 1H), 4.82

(ddd, J = 9.9, 5.5, 1.5 Hz, 1H), 4.59 (dd, J = 10.9, 1.7 Hz, 1H), 3.55 (dd, J < T4z, 1H),

3.07i 3.00 (m, 2H), 2.99 2.92 (m, 1H), 2.89 (dd, J = 14.6, 10.8 Hz, 1HE-NMR (176 MHz

- CDCl3): 164.96 (d, J = 2.3 Hz), 156.69 (d, J = 250.6 Hz), 140.21, 136.57, 134.13 (d, J = 4.2 Hz),
129.63 (d, J =6.7 Hz), 129.46 (d, J = 16.0 H2).20, 128.76, 126.54, 126.14, 118.76 (d, J = 3.7
Hz), 117.51 (d, J = 20.1 Hz), 58.20 (d, J = 2.6 Hz), 40.43, 39.73, 3SELKMR (470 MHz,
CDCl3) U -%20.59 (dd, J = 9.3, 4.4 HZWR-MS: calc. for [M+H]" CigH1s0FN = 268.1132
found: 268.1134.
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3-(chloro)-7,8,13,13atetrahydro-5H-benzo[4,5hzepino[2, ta)isoindol-5-one (68)
o)
N

A

White solid, 36% yield!H-NMR (500 MHz - CDCls): 77.80 (dd, J = 7.4, 1.0 Hz, 1H), 7.54 (dd,
J=7.9, 1.0 Hz, 1H), 7.45 (dt, 1H), 7.34 (dd, & B.7 Hz, 1H), 7.26 7.20 (m, 3H), 4.89 4.77

(m, 1H), 4.52 (dd, J = 10.3, 1.4 Hz, 1H), 3.84 (dd, J = 14.5, 1.5 Hz, 1H)i 2.99 (m, 2H), 2.99

i 2.88 (m, 1H), 2.75 (dd, J = 14.4, 10.3 Hz, TAE-NMR (126 MHz - CDCls): 165.80, 142.99,
141.21, 1386, 134.74, 133.77, 131.70, 129.90, 129.87, 127.59, 127.14, 123.98, 123.36, 60.88,
42.41, 41.33, 36.1ET-IR: { = 2918, 2159, 2027, 1977, 1675 &HR-MS: calc. for [M+H]
C17H150NCI = 284.0836 found: 284.0839.

1-(chloro)-7,8,13,13atetrahydro -5H-benzol,5]azepino[2,1alisoindol-5-one 6 8)I 6
0

N
)
Cl

White solid, 36% yield!H-NMR (500 MHz - CDCls): 7.74 (dd, J = 7.4, 1.0 Hz, 1H), 7.48 (dd, J
= 7.9, 1.0 Hz, 1H), 7.39 (t, J = 7.6 Hz, 1H), 7.28 (dd, J = 5.2, 3.6 Hz, 1H)j 724 (m, 3H),
4.82i 4.70 (m, 1H), 4.46 (dd, J = 10.4, 1.5 Hz, 1H), 3.77 (dd, J = 14.5, 1.6 Hz, 1H), 2.99
(m, 2H), 2.93 2.82 (m, 1H), 2.69 (dd, J = 14.4, 10.3 Hz, 1HE-NMR (126 MHz - CDCl3):
165.88, 141.71, 141.16, 137.69, 134.44, 132.18, 1303006, 129.73, 129.10, 127.53, 127.15,

122.39, 61.07, 41.47, 39.53, 36.66-IR: | = 2929, 2159, 2028, 1976, 1686 ¢rHR-MS: calc.
for [M+H] " C17H1s0ONCI = 284.0836 found: 284.0840.
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2,3-(dimethoxy)-7,8,13,13atetrahydro-5H-benzo[4,5]azepino[2,4a]isoindol-5-one E8m)
0

N
w0 )
MeO

White solid, 27% yield*H-NMR (700 MHz - CDCls): 7.36 (s, 1H), 7.31 (m, 1H), 7.23 (m, 3H),

7.00 (s, 1H), 4.82 4.74 (m, 1H), 4.36 (dd, J = 11.0, 1.8 Hz, 1H), 4.02 (s, 3H), 3.96 (s, 3H), 3.25
(dd, J= 14.7, 1.8 Hz, 1H), 3.06 2.98 (m, 2H), 2.97 2.87 (m, 2H);**C-NMR (176 MHz -

CDCl3): 167.39, 152.68, 149.96, 141.50, 138.40, 137.77, 129.91, 129.86, 127.46, 127.05, 124.22,
105.47, 104.36, 60.88, 56.38, 56.33, 42.75, 41.31, 36B8R: | = 2924, 2159, 2029, 1977,
1663, 890 crt; HR-MS: calc. for [M+H]" C1gH2003N = 310.1437 found: 310.1441.

1,2-(dimethoxy)-7,8,13,13aetrahydro-5H-benzo[4,5]azepino[2,4a]isoindol-5-one 6 8 M6
0

Ny
MeO OMe

White solid, 39% yield*H-NMR (700 MHz - CDClIs): 7.59 (d, J = 8.2 Hz, 1H), 7.337.30 (m,

1H), 7.25i 7.19 (m, 3H), 7.05 (d, J = 8.2 Hz, 1H), 4i84.74 (m, 1H), 4.50 (dd, J = 10.6, 1.6 Hz,

1H), 4.01 (s, 3H), 3.96 (s, 3H), 3.64 (dd, J = 14.5, 1.7 Hz, 1H),i32087 (m, 2H), 2.2 (dd, J =

13.3, 5.5 Hz, 1H), 2.80 (dd, J = 14.4, 10.6 Hz, 1}-NMR (176 MHz - CDClIs): 166.66,

155.36, 143.93, 141.48, 138.40, 136.91, 130.14, 129.73, 127.34, 127.01, 125.61, 119.65, 113.03,
60.68, 59.84, 56.25, 41.37, 40.75, 36.BU:IR: T = 2925, 2159, 2029, 1977, 1689 ¢nHR-

MS: calc. for [M+H]" C1gH200sN = 310.1437 found: 310.1439.
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11-methoxy-7,8,13,13atetrahydro-5H-benzo[4,3azepino[2,ta]isoindol-5-one (681
o)

N

O™
OMe

White solid, 50% yield*H-NMR (600MHz - CDCls): 7.88 (d, J = 7.6, 1.2 Hz, 1H), 7.60 (td, J =
7.3, 1.2 Hz, 1H), 7.56 (dtd, J = 7.6, 1.1 Hz, 1H), 7.49 (t, J = 7.3 Hz, 1H), 7.13 (d, J = 8.2 Hz, 1H),
6.87 (d, J = 2.7 Hz, 1H), 6.77 (dd, J = 8.2, 2.7 Hz, 1H), 4834 (m, 1H), 4.44 (d, 1513.84 (s,
3H), 3.23 (dd, J = 14.6, 1.7 Hz, 1H), 3102.83 (m, 4H);'*C-NMR (151 MHz - CDClI3): 166.08,
157.44, 143.81, 137.98, 132.48, 130.94, 130.50, 129.82, 127.41, 122.77, 121.03, 115.14, 110.62,

60.14, 54.32, 41.75, 40.57, 34.FX-IR: { = 2923, 2360, 2159, 2030, 1977, 1689'cHR-MS:
calc. for [M+H]" C1gH1802N = 280.1332 found: 280.1333.

11-(trifluoromethyl) -7,8,13,13atetrahydro-5H-benzo[4,5]azepino[2,4a]isoindol-5-one ©80)
o)

N

™A
CF;

Yellow solid, 80% yitd. H-NMR (500 MHz - CDCl3): 7.83 (dt, J = 7.6, 1.0 Hz, 1H), 7.55 (td, J
=7.4,1.2 Hz, 1H), 7.54 7.46 (m, 2H), 7.48 7.36 (m, 2H), 7.27 (d, J = 7.8 Hz, 1H), 4i88.73
(m, 1H), 4.39 (dd, J = 11.1, 1.7 Hz, 1H), 3.30 (dd, J = 14.8, 1.8 Hz, 1H); 2.88 (m, 4H)3C-
NMR (126 MHz - CDCls): 167.15, 145.41, 144.46, 138.58, 131.85, 131.74, 130.32, 129.51,
129.25, 128.70, 126.69, 126.66, 125.17, 124.39, 124.36, 123.98, 122.10, 60.72, 42.48, 40.76,

36.25;'°F-NMR (470 MHz, CDCl3): i -82.34;LC-MS: calc. for [M+H]" C1gH14OFRN = 318.1
found: 318.1.
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5,6,12b,13tetrahydro-8H-[1,3]dioxolo[4",5":4',5'lbenzo[1',2":4,5]azepino[2,1-a]isoindol-8-

one 68p)
o)

N

AL

O)
White solid, 31% yield'H-NMR (500 MHz - CDCls): 7.88 (d, J = 7.5, 1.0 Hz, 1H), 7.59 (td, J =
7.4, 1.2 Hz, 1H), 7.54 (dd, J = 7.5, 1.0 Hz, 1H), 7.49 (t, 1H), 6.80 (s, 1H), 6.72 (s, 1H), 5.96 (dd,
2H), 4.83i 4.73 (m, 1H), 4.41 (d, 1H), 3.18 (dd, J = 14.8, 1.8 Hz, 1H), B0 (m, 2H), 2.89
i 2.80 (M, 2H);13C-NMR (126 MHz - CDCls): 167.10, 146.43, 146.16, 144.73, 134.82, 131.98,
131.56, 130.90, 128.46, 123.81, 122.06, 110.42, 110.40, 101.11, 61.19, 42.19, 41.3ET35.96;

IR: T = 2930, 2522, 2363, 2159, 2028, 1977, 1698, 1038;drT-MS: calc. for [M+H]'
C18H1503N = 294.0 found: 294.0.

11-methyl-7,8,13,13atetrahydro-5H-benzo[4,5]azepino[2,4a]isoindol-5-one 680q)
o)

N

O~
Me

White solid, 39% yield*H-NMR (600 MHz - CDClIs): 7.88 (d, J = 7.5, 1.0 Hz, 1H), 7.59 (td, J =
7.4,1.1Hz, 1H), 7.55(d, J =7.5, 1.1 Hz, 1H), 7.49 (t, J = 7.4, 0.8 Hz, 1H), 7.20 (d, J = 7.4 Hz,
1H), 7.05 (d, J = 7.9 Hz, 2H), 4.82 (d, J = 1.2 Hz, 1H), 4.42 (d, 1H), 3.27 (dd4 .7 =118 Hz,
1H), 3.061 2.95 (m, 2H), 2.94 2.82 (m, 2H), 2.35 (s, 3H}3C-NMR (151 MHz - CDCl3):
167.11, 144.94, 141.26, 137.11, 134.74, 132.01, 131.52, 130.74, 129.87, 128.40, 127.55, 123.79,

122.08, 61.39, 42.15, 41.28, 36.29, 2088:IR: | = 2920, 2159, 2029, 1977, 1680 &nHR-
MS: calc. for [M+H]' C1sH160N = 264.1382 found: 264.1385.
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3-chloro-11-methoxy-7,8,13,13atetrahydro-5H-benzo[4,5]azepino[2,4a]isoindol-5-one
(68r)

(0]
N
o))
OMe
White solid (27%).1H NMR (700 MHz, CDCk) U = 7. 36 (s, 1H), 7. 31 (

7.00 (s, 1H), 4.82 4.74 (m, 1H), 4.36 (dd] = 11.0, 1.8 Hz, 1H), 4.02 (s, 3H), 3.96 (s, 3H), 3.25
(dd,J=14.7, 1.8 Hz, 1H), 3.062.98 (m, 2H), 2.97 2.87 (m, 2H)3C NMR (176 MHz, CDCl3)

8 = 167.39, 152.68, 149.96, 141.50, 138.40,
105.47, 104.36, 60.88, 56.38, 56.33, 42.75, 41.31, 3RBIS (ESI) m/z[M+H]* calculated for
C10H200N, 310.1437; found 310.1441.
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3.3. Xray Structure Analyses

Data collection was conducted on a Bruker D8 Venturedoute diffractometer by Bruker AXS
GmbH using a PHOTON Il CPAD detector by Bruker AXS GmbHa) radiation was generated

by microfocus sources IuS and IuS 3.0 Cu or Mo by Incoatec GmbHHELHOS mirror optics

and a singléhole collimator by Bruker AXS GmbH.

For the data collection, the programs APEX 3 Suite (v.2028with the integrated programs
SAINT (integration) and SADABS (adsorption correction) by Bruker AXS GmbH were used.
Using Qex2,1%% the structures were solved with the ShefRT structure solution program using
Intrinsic Phasing and refineavith the XLI** refinement package using Least Squares

minimization.

Crystal data and structure refinement for compougCCDC 2033334) an@ §CCDC 2033335)
with 50% ellipsoid probability level.

Compound A0 Co
Empirical formula C1sH12BrNO Ci15H12BrNO
Formula weight 302.17 302.17
Temperature/K 100.0 100.0
Crystal system triclinic monoclinic
Space group P-1 C2/c

a/A 6.9547(10) 21.0894(18)
b/A 7.8252(6) 4.5726(4)
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c/A 12.0854(12) 27.124(2)

us/ A 71.231(3) 90

b/ A 77.870(4) 106.481(3)

2/ A 88.052(4) 90

Volume/A3 608.43(12) 2508.2(4)

Z 2 8

} calcg/cnm? 1.649 1.600

g/ mm 3.363 3.264

F(000) 304.0 1216.0

Crystal size/mm 0.278 x 0.124 x 0.111 1.942 x 0.103 x 0.084

Radiation MoKU (& = 0. ]1MoKU (& = 0.7

2U range for d{5.502to63.082 4.344 t0 66.324

Index ranges -‘9 O ‘h-l O OO0 k17 3 2 O h7 G 3ka 10
O | O 17 O 41

Reflections collected 13350 50152

Independent reflections 3989 [Rnt = 0.0200, Rgma= | 4716 [Rat = 0.0535, Rigma =
0.0214] 0.0275]

Data/restraints/parameters 3989/0/167 4716/0/167

Goodnes®f-fit on P 1.056 1.099

Final R indexe{R=00226,wR=00522 |R;=0.0367, wR=0.0863

Final R indexes [all data]

R1=0.0262, wR = 0.0536

R1=0.0444, wR = 0.0897

Largest diff. peak/hole / e A

0.52/0.38

0.89£1.02
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Data collection was conducted on a Bruker D8 Venture doute diffractometeby Bruker AXS
GmbH using a PHOTON Il CPAD detector by Bruker AXS GmbHa) radiation was generated

by microfocus sources IuS and IuS 3.0 Cu or Mo by Incoatec GmbH with HELIOS mirror optics
and a singléhole collimator by Bruker AXS GmbH.

For the datecollection, the programs APEX 3 Suite (v.2018)7with the integrated programs
SAINT (integration) and SADABS (adsorption correction) by Bruker AXS GmbH were used.
Using Olex2,["! the structures were solved with the ShePXS$tructure solution programsing
Intrinsic Phasing and refined with the Rlrefinement package using Least Squares minimization.

Crystal data and structure refinement for compo@id (CCDC 1990749) ané8g (CCDC
1990750) with 50% ellipsoid probability level.

Compound 670* 68g*
Empirical formula C18H18N206S C17H14CINO
Formula weight 390.40 283.74
Temperature/K 100.0 100.0
Crystal system monoclinic monoclinic
Space group P2/n P2l/c

a/A 14.8594(8) 12.3505(13)
b/A 5.4431(3) 9.33%3(9)
c/A 21.6605(12) 12.2839(11)
us/ A 90 90

b/ A 90.003(2) 105.592(4)
o/ A 90 90
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Volume/A3 1751.93(17) 1364.2(2)

Z 4 4

} caig/cn?® 1.480 1.382

e/ mm 2.002 0.274

F(000) 816.0 592.0

Crystal size/mm 0.542 x 0.107 x 0.04 0.466 x 0.311 x 0.1

Radiation Cu K U= 1(54178) MoKU (& = 0.7

2U range for dj{7.214t0159.562 5.548 to 59.998

Index ranges -18‘ O B ® JJ@?,C-l?\ O h 30 O1 X, 70
I O 26 I O 16

Reflections collected 28346 29747

Independent refleizns 3739 [Rat = 0.0493, Rgma= [ 3982 [Rnt = 0.0313, Rgma =
0.0288] 0.0210]

Data/restraints/parameters 3739/0/245 3982/0/245

Goodnes®f-fit on P 1.064 1.062

Final R i ndexe]|R=0.0714, wR=0.2227 | R1=0.0456, wR=0.112

Final R indexes [all data]

R1=0.0748, wR=0.2263

R1=0.0531, wR=0.1175

Largest diff. peak/hole / e A

0.67+0.81

0.39£0.41

*Disorder omitted for clarity.
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3.4. DFT Calculations

Geometry optimizations and frequency analysis werdechput using Gaussian 16 ReVd
employing tight convergence criteria usithg M062X functionall*®”! The 631G(2d,p) basis set

was used for all elements except for Rh, for which LabL2DZ including pssateéntials was used.

The solvent environment was simulated by the IEFPCM of methanol as implemented in the

software package.

Cartesian coordinates

Structure | 1606

-1.61797100-1.77769800 2.33470600
-1.33605000 -0.39123300 2.55196900
-0.49547900 -2.34232600 1.69196800
0.53203400-1.33640400 1.59338900
0.01267600-0.14723700 2.12719300
-0.41510200 -3.36029900 1.33658600
1.50230200-1.46399400 1.13421800
0.50249300 0.8140530@.12528400
-3.64462100 0.984352060.25669700
-3.34696400 -0.29535900 0.21621700
-4.39413900 -1.13835900 0.57906000
-5.71232600 -0.68575200 0.49058300
-5.99825400 0.60042500 0.03712400
-4.95642900 1.43835700 -0.34334300
-2.49605600 1.830318060.68999300
-4.20226200 -2.15053900 0.92107000
-6.52199000 -1.34883800 0.77848900
-7.02594500 0.940389060.02464500
-5.13622100 2.443039000.71334600

I T T T OO O OO OO T IT ITOOOoOOoO0
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O 0O o0 2z O

-2.57247300 3.000500001.04649600
-1.37657500 1.073006000.65143700
-0.21779000 1.765184060.99856800

0.17444700 2.7138940).10539300

-0.27918400 2.80518600 1.00163800

Rh -1.36417200 -0.71092300 0.36405300

r OIT T T OIT T T OOITITITITITOIT OOOOOOO

-0.58185000 -1.58293900 -1.67729100
-1.94192400 -1.76268200 -1.56782100
0.44731000-2.62271300 -1.45141900
1.81196900-2.26863800 -1.40513600
0.07953000-3.96386700 -1.30256300
2.75098900-3.26855000 -1.15369800
1.02922700-4.94838800 -1.06542800
0.96521600 -4.24539000 -1.37702200
2.37050300-4.59597800 -0.97982300
3.80312400-3.02066000 -1.07792300
0.72202300-5.98164100 -0.95076000
3.12477700 -5.35036500 -0.78610600

1.15810800 3.68706004D.73669600
2.07944700 3.0125720€aL.75570500
2.70785700 2.270130061.25966100
1.51389100 2.5265600€2.55332200
2.73051400 3.7695070&2.20356900

1.98084600 4.35557000 0.36404900

2.61190400 5.133440080.07602800

1.32875900 4.81456000 1.11003100

2.62212200 3375100 0.86155900
0.27396100 4.7323430€a1..44429300
-0.37129800 4.256566062.18587500
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-0.36364700 5.249352000.72188800
0.91359000 5.46946806€1.93891300
2.22334500-0.82585300 -1.62372200
1.9649400 -0.15378300 -1.02502600
2.04989000-0.55091400 -2.67275800
3.67337700-0.51493600 -1.31475500
4.37030000-1.17261000 -1.83459000
3.92308400 0.5119530€1.59219800
3.94659500-0.70928200 0.098500
3.84256300 0.61796100 0.97986200
4.87987700 1.52817900 0.58179500
2.48304600 1.09726800 0.94097300
4.19265100-0.09990000 2.54760600
4.17441000 0.71993700 3.26591700
3.41384900-0.8286100 2.76948500
5.17847400-0.55936800 2.50202900
-0.24895600 -0.66563100 -2.15265000
-2.38254400 -2.70792500 -1.27024300
-2.60500500 -1.04920500 -2.03922600

I rT T IT T O OOWMWOTIITITIOTOIITO T

Structure Il

C 1.71934000-0.54507800 2.854800

C 0.37000800-0.80278700 2.70086900
C 1.98740200 0.80936900 2.39018500
C 0.76037700 1.40246000 2.04009100
C -0.23804100 0.37483500 2.09863600
H 2.95305300 1.29464400 2.38453600
H 0.62098600 2.409080 1.67157700

H -1.29030300 0.49220100 1.87289400
C 2.45335700-2.12105900 -0.82902500
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C 2.97773000-0.84619900-1.14325700
C 4.31316000-0.58642000 -0.78441400
C 5.08947100-1.52964500 -0.13233600
C 4.5586200 -2.78734800 0.16241500
C 3.25412500-3.07935600 -0.19546800
C 1.02246500-2.52832100 -1.10856600
H 4.75583500 0.36323706€1.06908800
H 6.11681800-1.29760100 0.12477300
H 5.16818900-3.53480700 0.65753900
H 2.82334700-4.05524200 0.00001300
O 0.71691000-3.64051300 -1.52256400
N 0.21052000-1.52210100 -0.75768100
O -1.14481700 -1.84388200 -0.84823600
C -1.57244500-2.75435200 0.05963800
O -0.90778400 -3.12953300 0.98689300
Rh 1.15650300-0.18284500 0.56987300
C 1.17846500 0.9912210a1.13178500
H 0.19116600 0.8924430€1.57614400
C 2.20469400 0.19370004L.96097800
H 1.68159700-0.32527500 -2.76724800
H 2.93310300 0.86932400 -2.41839500
C 1.52281500 2.4201010D.86298500
C 0.58519100 3.459321041.03207700
C 2.80695500 2.7581510.41112300
C 0.95300000 4.7722280.72488100
C 3.16145800 4.0656350D.11364600
H 3.53383000 1.965745000.26363900
C 2.22609500 5.0852550.26704500
H 0.21997200 5.562980060.85618900
H 4.16263600 4.28742500 0.23961800
H 2.48597000 6.112469060.03755700
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r r =~ OO0 0o0mwWo IO T T O T T T OITT T T O T T T OO T T

2.47315300-1.25011800 3.17700800
-0.13156600 -1.74497000 2.85938600
-2.95868200 -3.27145800 -0.29422800
-3.86620700 -2.15307400 -0.81649700
-3.98739100 -1.36683800 -0.06653000
-3.45929400 -1.70676700 -1.72699200
-4.85130700 -2.57027000 -1.04700300
-3.57190600 -3.92066200 0.94581200
-4.54581900 -4.34768200 0.69034400
-2.92888500 -4.71619400 1.32744400
-3.71594000 -3.18479200 1.74225900
-2.74077300 -4.32699600 -1.39310500
-2.26553500 -3.88022200 -2.26934400
-2.10238300-5.13774100 -1.03158900
-3.70695900 -4.74749200 -1.68750900

-0.83079000
-0.85950400
-1.28654100
-1.65020200
-1.22735400
-1.70553200
-2.98290900
-4.00673000
-3.41154000
-4.44881200
-5.28790900
-6.08121700
-5.63446500
-4.88332200

3.204764061.50003500
2.514342062.34787100
4.143256001.82577800
2.627079060.36053600
1.680755060.01340800
3.33476900 0.47419500
2.369514060.85455500
1.86644000 0.25900100
(5412000 0.95766900
2.99036400 1.03565300
1.312186000.81203900
0.928755060.17007100
2.165441061.39311700
0.526963001.44892900
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Strucur e AO

O 0O Z2 0 IT T IT T OOOOOOOIITITOOOOO

-2.84676300
-1.49340400
-3.36743800
-2.28503200
-1.17466500
-4.35569200
-2.35046600
-0.23163800

2.79123800
3.12972900
1.88283700
1.52260700
2.40512300

1.00644200
1.40579800
1.93098100
2.80939000
2.54957000

14646000 1.92789100
0.82321200 3.63205600
2.40810400 3.07823100

-1.95294900 -1.49558700 -2.26280000
-1.31357700 -2.59360600 -1.68216500
-1.95243600 -3.82956000 -1.70240600
-3.21032000 -3.95531600 -2.28456900
-3.83878500 -2.85385800 -2.86531900
-3.20220700 -1.62003200 -2.86676900
-1.23905700 -0.19723100 -2.30631200
-1.46690300 -4.69141800 -1.25647800
-3.70521700 -4.92024400 -2.286B8200
-4.81764700 -2.96131600 -3.31762700
-3.65963200 -0.74902100 -3.32315800
-1.29095600 0.570931003.23011800
-0.47140500 0.097614061.13938800

0.56998900 0.992427041.44729000

0.23189700 2.310000 -1.52179100

O -0.89188000 2.713633001.48033300

Rh -1.61271500 0.76428500 0.87788200

C

H
C
H

0.14147000-1.03030800 -0.34991300
1.18988800-0.74689000 -0.28183700
0.05274300-2.36997300 -1.09232300
0.802@.200 -2.38442100 -1.89290900
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0.30632300-3.17226300 -0.39367800

-0.48580100 -

1.04078400 1.03624200

0.35435900-1.07758800 2.21608600
-1.86921500 -1.39666900 1.16824300
-0.18239100-1.45130700 3.41741860
-2.36565300 -1.80745400 2.44948700

-2.44654400 -

1.70075000 0.30410700

-1.54800500 -1.83575100 3.53967900
0.45138400-1.45317800 4.29962000

-3.39968800 -
-1.92608400 -

-3.36219400

-0.85270100
1.49841800
2.25570300
1.61281700
2.6225170
3.11125500
1.09696200
1.99738200
0.51962700
0.49022900
2.37136000
2.69826800
1.83033900
3.25702200

2.12855300 2.52672700
2.1571430 4.50419200
3.20904500 0.15323500
3.82291800 0.88016400
3.14614204a1.61538900
2.9767890).28647100
3.21409500 0.56833900
1.95273000-0.17962100
3.658361060.27103200
4.6046120401.82539800
5.220697061.89558900
4.7242800€2.74575900
4.970839060.99319600
2.6512540@.77726700
1.6229300€2.61024300
2.701256068.72681400
3.2886230€2.85380300

1.81070800-0.68923500 2.12770800
2.16068700-0.34456100 3.10449900

1.95198600

0.13497400 1.42031600

2.67487000-1.86823400 1.69876400
2.69151400-2.64292500 2.46674700
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I T T O O O nw O T

2.31693300-2.31775400 0.76707600
4.05131500-1.45709200 1.54164600
4.52815800-1.03042500 0.08467500
3.42537900-0.41501200 -0.60973300
5.74066000-0.29955900 0.29218400
4.88596000-2.58279500 -0.67403800
5.23655800-2.36601500 -1.68313200
5.65967600-3.07364300 -0.08600800
3.97229800-3.17617800 -0.70796900

Structure IV

I T T T OO OO OO0 T IT T OO0O0O0O0

-0.20029300 0.81729700 2.81912600
0.99303300 0.65651500 2.02572900

-0.50910300 -0.44818700 3.40010100
0.40202800-1.39749800 2.86950800
1.36005800-0.69091300 2.05784700
-1.33168700 -0.65744000 4.06770900
0.41769900-2.45477600 3.09041000
2.17434200-1.13967900 1.50479900
-3.44017100 -0.60202400 -1.09059500
-3.06053200 -1.85444600 -0.56613800
-3.98462500 -2.90399800 -0.60032200
-5.24796300 -2.74934100 -1.15649900
-5.61231200 -1.52176600 -1.69462500
-4.70974300 -0.46724400 -1.65523600
-2.62919700 0.679826061.09880900
-3.69521300 -3.86626300 -0.18952400
-5.93850000 -3.58525000 -1.16781800
-6.59325200-1.38117800 -2.13418400
-4.97048500 0.502646062.06040700
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O 0O o0 2z O

-2.96092700
-1.58506200
-0.88425500
-1.44565000
-2.41466800

1.612267001.82977000
0.725532000.25831100
13251900 -0.35955100
2.97561500 0.29687000
2.87730900 0.99667300

Rh -0.84472700-0.53979900 1.18062700

-0.52331600 -1.88203000 -0.61000300

-1.72883200 -2.20931900 0.00079500
0.5675200 -2.60679000 -0.46072700
1.88140400-2.20066000 -1.20472400
0.88152700-3.68441000 0.42634600
3.10033200-2.84854900 -0.99217600
2.09820700-4.31956800 0.62185000
0.01717300-4.02416500 0.98®300
3.22050900-3.89200500 -0.08295400
3.96800100-2.51659600 -1.55457500
2.16964800-5.14512100 1.32094200
4.17936200-4.37562100 0.06572700

C
C
C
C
C
C
C
H
C
H
H
H
H
H
C
C
H
H
H
C
H
H
H
C
H

-0.73189100
1.47616800
-0.67244100
0.81612200
0.96795900
1.23677000
1.36641100
-1.244%800
-0.70336500
-2.30362700
-1.14835300
-0.85148500
-0.42822000

1.74250200 2.98971900
1.436200 1.44676800
4.25439000 0.00921200
4.04588200 0.32274100
3.81798300 1.38304300
3.233643060.27666100
4.96335900 0.09381900
5.37642400 0.87258400

6.30483700 0.67104400
5.53464800 0.65450700
5.14065600 1.93575000
4.580281001.48225600
3.790399062.1064830
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-1.91051500 4.687418001.73290300
-0.34338700 5.521745001.71063200
-2.29976700-0.71321700 1.54903400
-0.58231600 -1.19481900 -1.44644600
-1.76099800 -3.06909500 0.66310900
1.85268400-1.0699430 -2.20959400
0.97226100-1.12446700 -2.85792400
2.72709200-1.16352800 -2.85478000
1.86254100 0.319475001.57346300
0.90243000 0.5743550€1.12069200
2.10678700 1.08380702.31753100
2.7875480 0.39758600-0.46660100
4.33652400 0.6320610®.75221000
443743100 2.3923210.83356500
3.82489000 2.7400700€1.66548900
4.08799300 2.79282200 0.11737200
5.48516800 2.64154806€1.00245000
4.99413100 0.16665900 0.43193500
4.67481900 0.07764502.03430500

ooIrxTzxxTz*T O WVWOIITIO T ITO I T T T T

Structure V

C 1.04187800 0.12986600 3.02642200
C -0.15174400-0.69640100 2.85191000
C 0.67049800 1.49340000 2.79380200
C -0.63619800 1.47082700 2.27588200
C -1.16593800 0.11633500 2.38313000
H 1.31717800 2.35525800 2.86400300
H -1.17662000 2.32145100 1.87964800
H -2.14808700-0.18578600 2.04565100
C 3.37434900-0.69896800 -1.00659000
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OO0 Zo0oOIT T T T OOOOOO

Py

h

O I T T T T OIT O OOOO OO0

3.39481700 0.588493000.44241200
4.62899300 1.2471940.36490900
5.80226700 0.66899604).83178200
5.76683500-0.59926600 -1.40347300
4.55602200-1.27082300 -1.48458300
2.15871700-1.57943300 -1.10299100

4.65835900 2.24352800 0.06759600

6.73971000 1.208809060.75056900
6.67424800-1.06233400 -1.77442900
4.49498500-2.26345700 -1.91445200
2.18384500-2.62563300 -1.74114300
1.07678900-1.14452800 -0.41210700
0.01002000-2.05355400 -0.50992100
0.05943800-3.09121700 0.35083400
0.95972800-3.27731700 1.12398100

0.69109200 0.30807600 0.95534900

1.49030800 2.0701030€1.16730700

218339300
0.33517400
-0.97932900
0.60010200
-1.98975400
-0.40584000
1.62397000
-1.71875300
-3.00526900
-0.16728600
-2.52143400

1.34831600 0.01868400
2.9425680D.71185500
2.797602061.18395700
3.92606500 0.24912600
3.589368060.62269700
4.71921600 (03BF100
4.07127600 0.58285200
4.53466000 0.35810400
3.460429000.98291700
5.47291900 1.52609200
5.13653500 0.76972200

1.99442400-0.21851800 3.39890500
-0.16968000 -1.77161900 2.95724200
-1.21999700 -3.91013700 0.25800500
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ocoorxrTr*TOWGOOIIOIXTIOIITITITITITITITIO I T T OIT T ITO

-2.29964600 -3.10115900 0.99866900
-2.06904100 -3.01661500 2.06564500
-2.38046600 -2.09268600 0.58071700
-3.26639500 -3.60649800 0.90473900
-1.00079400 -5.25650500 0.94429700
-1.93350500-5.82737000 0.93601900
-0.23399700 -5.83903900 0.42615100
-0.68313900-5.11771400 1.97979800
-1.62983900 -4.10714100 -1.2062®00
-1.83801800 -3.15065100 -1.69140200
-0.83953600 -4.61042400 -1.77080400
-2.53135700 -4.72566200 -1.24933800

2.52482000
1.16788100
2.24814400
-1.36447500
-0.60988800
-2.29446800
-1.54499100

2.10894700 0.72512100
1.331678061.90684900
2.695500 -1.66139000
1.890311002.33625700
1.936714003.12917100
2.268875062.76345300
0.409863062.01015200

-0.59158300 -0.09332300 -1.84909800
-2.06144200 -0.09732200 -2.83085600

-2.25205900

0.172970060.77087500

-3.83637900 0.278335060.73512400
-4.37835000 -1.20149200 -1.53349300
-4.01889600 -1.20764400 -2.56194400
-4.00717600 -2.05686600 -0.97159200
-5.46814000 -1.16974000 -1.51776000

-4.15061700
-4.26913800

0.20844800 0.66355800
1.401628001.51936900
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3.5. Biological data

All assays and experiment&reperformed g Dr. Jana Flegel

Reagents

Purmorphamine was purchastfom Cayman Chemical (#10009634) and DMSO from (Sigma
Aldrich, #67685). The compound collection was synthesized as described in the paper. All other

reagents used are mentioned in the respective protocols below, with the corresponding sources.

Cell lines

The murine mesenchymal stem cell line C3H10T1/2 (ATCC, @€&) was cultured in

Dul beccods Modified Eagl ebdbs med35o0)supplenéiidd, hig
with 10% of fetal calf serum (FCS, Fisher Scientific, #10136253, heat inactivated),sbdiluin

pyruvate (PAN, #P043100) and 2 mM iglutamine (PAN, #P0480100). The cells were cultured

at 37°C and 5% Cg&in a humidified atmosphere. Checks for mycoplasma contaminations were

performed regularly and cells were always found to be free of anigroorations.

Osteoblast differentiation and viability assay
The osteoblast differentiation assay and the viability assay were performed using C3H10T1/2
cells[®® For the screening and 4gdeteminations 800 C3H10T1/2 cells per well were seeded in
white 384well plates. After incubation overnight, cells were treated with 1.5 uM purmorphamine
and different concentrations of the compounds or DMSO as a control. After 96 h the cell culture
medium wasaspirated and the commercial luminogenic ALP substrate -SfaP (Roche,
#11685627001) was added. The cells were incubated for one hour at room temperature and in
absence of light. Afterwards the luminescence signal was read. To identify and exclude toxic
compounds, which would also lead to a reduced luminescent signal, cell viability measurements
were conducted in parallel. For this purpose, C3H10T1/2 cells were seeded and treated as
described above. The cellular ATP content was determined as a mea=lleiability using the
Cell Titer Glo reagent (Promega). Compounds were considered as hit compounds if they caused
at least 50% reduction in the luminescent signal in the osteoblast differentiation assay while
retaining cell v i a &tionl of 10yM. Go det@rbtineal@ curees fordiih c e nt r
compounds,three ol d di |l uti on curves starting fssom 10
values were conducted, using GraphPad Prism 7. (GraphPad Software, USA).
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3.6 Chemical Synthesis for Chapter Il
3.6.1GeneraPr ocedur e f or -KdioesteSynt hesi s of

1) nBuLi (1.30 eq)

THF [0.5 M] (@) /
©\/\> -78°C-RT, 1h Wo
N
N O
\ 2) (CO,Me), \
-78 °C - RT, 3h

An ovendried flask, under argon was charged witimethyl indole (1.0 eq.) and THF (0.5M).
The solution was then cooled-i8 °C andnBulLi (1.2 eq., 1.6 M solutio in hexanes) was added
dropwise. The reaction mixture was stirred for 10 mifv&C and then 1 h at RT. The resulting
solution was cooled te/8°C then a solution of dimethyl oxalate (1.3 eq.) dissolved in THF was
added. The reaction mixture was stirfer 1 h at-78°C and then for 3 h at room temperature.
Then, HO was added and the mixture was extracted wi® Eix 25 mL). The combined organic
layers were then dried over Mgg@iltered and concentrateéd vacuo The crude material was
purified bysilica gel column chromatography (Pent/EtOAc (14:1 to 12:1) to afford a yellow oil.
Colourless oil, 27% yielddH-NMR (400 MHz - CDClz): U 7 . 7J32=8.,d.9 Hz, 1H), 7.62
(d,J=0.8 Hz, 1H), 7.45 (ddfl = 8.5, 6.7, 0.9 Hz, 1H), 7.39 (dt= 8.5, 10 Hz, 1H), 7.17 (ddt)

= 8.6, 7.0, 0.9 Hz, 1H), 4.10 (@~ 0.6 Hz, 3H), 3.99 (d] = 0.7 Hz, 3H)**C-NMR (101 MHz -
CDCl3): 01177.38, 163.40, 141.41, 131.14, 127.78, 126.06, 123.87, 121.31, 117.82, 110.45, 52.91,
32.20;HR-MS: calc. for [M+H]", C12H1203N = 218.08117, found: 218.08081.
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3.6.2 General procedure for the Synthesis of Ketimines

TiCl, (1.0 eq),
o) EtsN (2.0 eq). 0
o 50 -
+ P \
R™ N Il
N NH N-S—
\ O 2 (0] - | R
Me 0°C - reflux Me (/);

Following a modified procedure by Kwaat al*>! to a suspensiomf 1,2diketone (1.0 eq.) and
sulfonamide (1.0 eq.) in DCM was addedNE(2.0 eq.). The solution wasoled to 0 °Gnd TiCh

(1.0 eq) was added. The reaction mixture was heated at reflux overnight. Then, tibe sas
cooled to RT, quenched with.8 the resulting mixture was filtered through celite and washed
with DCM. The filtrate was extracted with DCM (3 x 25mL) and the combined organic extracts
were dried over MgS£and concentrated under reduced presdure.crude material was purified

by silica gel column chromatography (Pent/EtOAc (4:1 to 2:1)) to afford the corresponding imino

ester.

Methyl (Z) -2-(1-methyl-1H-indol-2-yl)-2-(((2-nitro phenyl)sulfonyl)imino)acetate (92

Y ellow powder, 53%H-NMR (500 MHz i CDClIs): 1i8.281 8.23 (m, 1H), 7.83 7.73 (m, 3H),

7.65 (dtJ=8.3, 1.0 Hz, 1H), 7.44 (d,= 8.2, 6.9, 1.1 Hz, 1H), 7.35 (@z= 8.8, 0.9 Hz, 1H), 7.31
(s,J=0.8 Hz, 1H), 7.15 (ddd,= 8.0, 6.9, 0.9 Hz, 1H), 490(s, 3H), 4.05 (s, 3H)*3C-NMR (126

MHz 7 CDCls): U 164.16, 160.94, 148.46, 143.30, 134.51, 133.11, 132.44, 130.87, 129.57,
129.06, 126.70, 124.79, 123.68, 121.86, 120.66, 110.83, 54.08, BR24S: calc. for [M+HT,
C18H1606N3S = 402.07543, found: 2007529.
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Methyl (Z) -2-(1-methyl-1H-indol-2-yl)-2-(tosylimino)acetate (94

Dark yellow powder, 64%H-NMR (500 MHz i CDClz3): Ui 7.951 7.89 (m, 2H), 7.64 (dt] =

8.2, 1.0 Hz, 1H), 7.41 (ddd,= 8.2, 6.8, 1.2 Hz,H), 7.381 7.30 (m, 3H), 7.19 (dJ = 0.9 Hz,

1H), 7.14 (ddd, = 8.0, 6.9, 0.9 Hz, 1H), 4.11 (s, 3H), 3.99 (s, 3H), 2.44 (s, B8)NMR (126

MHz 7 CDCls): 0 164.91, 159.49, 144.63, 142.65, 136.61, 129.89 (2C), 128.27, 127.89 (2C),
126.57, 123.41, 121.60118.84, 110.60, 53.88, 33.23, 21.83R-MS: calc. for [M+H]
C1oH1904N2S = 371.10600, found: 371.10628.

Methyl (Z) -2-(((4-bromophenyl)sulfonyl)imino)-2-(1-methyl-1H-indol-2-yl)acetate (94b)

Dark yellow powder, 64%!H-NMR (500MHz i CDCl3): U 71.788(m, 2H), 7.70 7.67 (m,

2H), 7.66i 7.63 (m, 1H), 7.44 7.40 (m, 1H), 7.33 (ddl = 8.6, 1.0 Hz, 1H), 7.22 (d,= 0.9 Hz,

1H), 7.15 (dddJ = 8.0, 6.9, 0.9 Hz, 1H), 4.11 (s, 3H), 3.98 (s, 3HE-NMR (126 MHz i
CDCl3): 0 164 . 7 6142.94, 638.711 #32.60 (2C), 129.62, 129.37 (2C), 128.85, 128.71,
126.63, 123.56, 121.81, 119.67, 110.70, 54.00, 3BIRIMS: calc. for [M+H]", C1eH1604N2BrS

= 435.0008, found: 435.00098 angkid1604N-*'BrS = 436.99882, found: 436.99895.

Methyl (Z) -2-(((4-fluorophenyl)sulfonyl)imino) -2-(1-methyl-1H-indol-2-yl)acetate (94¢

Green powder, 50%I-NMR (500 MHz i CDClz): 11 8.107 8.02 (m, 2H), 7.64 (d] = 8.2 Hz,
1H), 7.42 (dddJ = 8.1, 6.9, 1.1 Hz, 1H), 7.367.31 (dd, 1H)7.247 7.18 (m, 3H), 7.14 (ddd,=
7.9,6.9,0.8 Hz, 1H), 4.11 (s, 3H), 3.99 (s, 3A-NMR (126 MHzT CDClI=): 11166.67, 164.66,

159.79, 142.72, 135.56, 130.57 M= 9.6 Hz, 2C), 129.49, 128.46, 126.47, 123.38, 121.63,
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119.31, 116.46 (dl=22.7 Hz2C), 110.54, 53.85, 33.18F NMR (470 MHz,CDCl3) 1i-103.74;
HR-MS: calc. for [M+H]", C1sH1604N2FS = 375.08093, found: 375.08132.

Methyl (Z)-2-(1-methyl-1H-indol-2-yl)-2-(((3-trifluoromethyl)p henyl)sulfonyl)imino)acetate
(94d)
o)

OMe
@Q\@L 0
\ N‘ﬁ
Me o)

CF;
Dark yellow powder, 30%!H-NMR (500 MHz i CDClIs): 1i8.341 8.31 (m, 1H), 8.24 (dtt] =
7.5, 1.4, 0.7 Hz, 1H), 7.917.86 (m, 1H), 7.71 (ddf] = 8.0, 7.1, 0.8 Hz, 1H), 7.65 (d§= 8.2,
1.2 Hz, 1H), 7.47 7.41 (m, 1H), 7.34 (dg] = 8.6, 0.9Hz, 1H), 7.26 (dJ = 1.0 Hz, 1H), 7.15
(ddd,J=8.1, 6.9, 1.0 Hz, 1H), 4.12 (d~= 1.4 Hz, 3H), 4.00 (d] = 1.4 Hz, 3H)}3C-NMR (151
MHz i CDClIs): U 163.35, 159.45, 141.94, 139.83, 130.90, 130.67, 129.85, 128.97, 128.89,
128.40, 127.75, 123.81, 123,4122.45, 120.70, 118.96, 109.54, 52.87, 32'3;NMR (565
MHz, CDCIl3z) U -62.83.; HR-MS: calc. for [M+H]", CigH1604N2FsS = 425.07774, found:
425.07785.

Methyl (Z) -2-(1-methyl-1H-indol-2-yl)-2-((phenylsulfonyl)imino)acetate (94§

Dark yellow powder, 60%!H-NMR (500 MHz i CDClzs): 11 8.081 8.02 (m, 2H), 7.62 (tt) =

7.2, 1.2 Hz, 2H), 7.58 7.52 (m, 2H), 7.42 7.36 (m, 1H), 7.31 (dt] = 8.6, 0.9 Hz, 1H), 7.20 (d,
J=0.9 Hz, 1H), 7.13 (dddl = 7.9, 6.8, 0.9 Hz, 1H%.11 (d,J = 0.8 Hz, 3H), 3.97 (s, 3H}:C-

NMR (126 MHz i CDClzs): G 165.02, 160.03, 142.95, 139.81, 133.80, 129.46 (2C), 128.62,
128.01 (2C), 127.92, 126.78, 123.66, 121.86, 119.34, 110.78, 54.10, BR4MS: calc. for
[M+H] ™, CigH1704N2S = 357.09035,dund: 357.09088.

Methyl (Z) -2-(1-methyl-1H-indol-2-yl)-2-((methylsulfonyl)imino)acetate Q4f)
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@)

OMe
Wo
N [}

\ N‘ﬁ‘
Me o

Dark yellow powder, 29%!H-NMR (500 MHz i CDCls): U 7 . 6% 8.2, 8.G Hz, 1H), 7.46

(ddd,J = 8.6, 6.8, 1.2 Hz, 1H), 7.38g,J = 8.5, 0.9 Hz, 1H), 7.25 (d,= 0.9 Hz, 1H), 7.17 (ddd,
J=17.9,6.8,1.0 Hz, 1H), 4.12 (s, 3H), 4.04 (s, 3H), 3.21 (s, B8)NMR (126 MHzi CDCls):

a4 164.45, 161.42, 143.04, 129.64, 128.77, 126

33.51;HR-MS: calc. for [M+H]", C13H1504N2S = 295.07470, found: 295.07461.

3.6.3 General Procedure for the Synthesis of Aldimines

TiCl, (1.0 eq),
EtsN (2.0 eq).
Nl TRy, NoN-
2
e RT, 12 h Me

0]

S—-R

0

Following a modified procedure by Kwoet all*>Y, to a suspension dfi-methyl indole2-

carboxaldehyde (1.0 eq), sulfonamide (1.0 eq.), and triethylamine (2.0 eq) in DCM at 0 °C was
added TiCJ (1.0 eq. After 12 h at RT, the mixture wasditd through a pad of Celite and washed
with DCM. The filtrate was concentrated under reduced pressure. The crude material was purified

by silica gel column chromatography (Pent/EtOAc (6:1 to 4:1)) to afford the corresponding imine.

(E)-N-((1-methyl-1H-indol-2-yl)methylene)-2-nitrobenzenesulfonamide(949)

GRS
N —

\
Me

0 0=0m=0

Yellow powder, 51%'H-NMR (500MHz i CDClz): 4 9. 01 ( $8.34(m{IH), 7.8. 4 0
7.74 (m, 3H), 7.72 (d) = 8.2, 1.0 Hz, 1H), 7.49 7.42 (m, 2H), 7.38 (dd] = 8.6, 1.0 Hz, 1H),

7.18 (ddd,J = 8.0, 6.8, 0.9 Hz, 1H), 4.10 (s, 3H}C-NMR (126 MHz i CDCl3): U

163. 00,

148.52, 143.01, 134.42, 132.61, 132.57, 131.66, 131.44, 128.51, 127.05, 124.79, 123.63, 121.94,
121.58, 110.70, 32.4HR-MS: calc. for [M+H]", C16H1404N3S = 344.06995, found: 344.07004.
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(E)-4-methyl-N-((1-methyl-1H-indol-2-yl)methylene)benzenesulfonamide (94h

@ﬂ\ Q

\ |
Me (o)

Dark yellow powder, 36%!H-NMR (500 MHz i CDCls): 1i8.99 (s, 1H), 7.91 7.86 (m, 2H),
7.69 (dt,J=8.2,1.0 Hz, 1H), 7.42 (dddl = 8.1, 6.8, 1.2 Hz, 1H), 7.377.33 (m, 3H), 7.30 (dJ
= 0.9 Hz, 1H), 7.16 (ddd,= 8.1, 6.8, 1.0 Hz, 1H), 4.08 (s, 3H), 2.44 (s, 380-NMR (126 MHz

i CDClz3): 01160.29, 144.40, 142.46, 136.06, 131.69, 129.92 (2C), 12739 127.83, 126.92,
123.30, 121.34, 120.37, 110.55, 32.51, 21.BR-MS: calc. for [M+H], Ci7H17O:NoS =
313.10053, found: 313.10057.

(E)-N-((1-methyl-1H-indol-2-yl)methylene)methanesulfonamide (94i

Me (o)
Dark yellow powder, @%. *H-NMR (500 MHz i CDCl3): 118.98 (s, 1H), 7.72 (df] = 8.1 Hz,
1H), 7.45 (ddJ) = 6.7, 1.2 Hz, 1H), 7.41 (dd,= 8.6, 1.0 Hz, 1H), 7.34 (d,= 1.0 Hz, 1H), 7.19
(ddd,J = 8.0, 6.8, 1.1 Hz, 1H), 4.15 (s, 4H), 3.14 (s, 3M#C-NMR (126 MHz i CDClI3): U
161.43, 142.45, 131.25, 122, 126.80, 123.31, 121.34, 120.64, 110.50, 40.68, 3RRIMS:
calc. for [M+H]", C11H130:N>S = 237.06922, found: 237.06888.
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3.6.4 General Procedure for the Synthesis of Allenoates

0
3) Br\)J\R1
1) PPh; (1.01 eq.) (1.1eq.)
0 EtOAc, RT, 18 h o) CHCl3, Reflux, 18 h :(7R1
HJ\OR PthvJ\ - -
Br 2) 10% NaOH OR 4) AcCl (1.2 eq.), COzR
DCM Et;N (2.5 eq.), DCM
0°C-RT, 2h 0°C-RT, 18 h

Following a modified procedure by Kwaet al*®Y, to a stirred solution of triphenylphosphine

(1.01 eq.) in EtOAc at RT, was added the corresponding bromoacetate (1.0 eq), slowly. After
stirring overnight, the resulting precipitate was collected by vacuum filtration, washed with EtOAc
and dried on the vacuum to provide the phosphonium salt as a white solid. The crude material was
dissolved in DCM and sodium hydroxide in water (10% soluticay added at 0° C. After stirring

for 2 h at room temperature the layers were allowed to separate and the aqueous phase was
extracted with DCM (x3). The combined organic layers were dried over MaS®Dconcentrated

in vacuoto give the phosphorane as dftrwhite solid. To a solution of crude phosphorane (1.0

eg.) in CHC}was added the corresponding bromoacetate (1.1 eq). After 18 h of reflux, the solvent
was removed under reduced pressure. The crude product (1.0 eq) was dissolved in DCM and
treated withEtsN (2.5 eq). After stirring for 30 mins, the reaction was cooled 0 °C and acetyl
chloride (1.2 eq.) was added dropwise. The reaction mixture was allowed to warm to RT and stirred
overnight.

The solution was the concentrated to approximately 20% volume, and diluted with pentane. The
triphenylphosphine oxide was removed by vacuum filtration, the filter cake was washed with 20%
EtOAc/pentane. The filtrate was concentrabedvacuoand the resulhg crude material was
purified by silica gel column chromatography (Pent/EtOAc (20:1 to 15:1)) to afford the allenoate

as an oil.
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diethyl 2-vinylidenesuccinate (86
CO,Et
CO,Et
Yellow oil, 61%. *H-NMR (400 MHz i CDCls): 1i5.16 (g,J = 2.1 Hz, 2H), 4.20 4.06 (m, 4H),
3.20 (qJ=2.2 Hz, 2H), 1.21 (qdl= 7.1, 2.1 Hz, 6H).13C-NMR (126 MHzi CDClIs): 11214.45,
170.37, 166.20, 94.58, 79.39, 61.23, 60.84, 34.72, 14.09, ;14R8MS: calc. for [M+HJ',
C10H1504 [M+H] " 1990970, found: 199.0967

4-(tert-butyl) 1-ethyl 2-vinylidenesuccinate (95a
CO,tBu
CO,Et
Yellow oil, 34%. H-NMR (500 MHz i CDCls): i 5 . 2=02.2 Ht, 2H), 4.21 (q] = 7.1 Hz,
2H), 3.17 (tJ=2.2 Hz, 2H), 1.45 (s, 9H), 1.28 Jt= 7.1 Hz, 3H)*C-NMR (126 MHzi CDCl3):
i214.81, 170.06, 166.75, 95.36, 81.45, 79.68, 61.64, 36.23, 28.37 (3C, tBu) HR-ME: calc.
for [M+H]™", CioH1904 = 227.1277, found: 227.12785.

1-(tert-butyl) 4-ethyl 2-vinylidenesuccinate (95b
CO,Et
CO,tBu
Colourless oil, 25%H-NMR (500 MHz i CDCls): U 5. 1=62.2(Hg, 2H), 4.16 () = 7.1
Hz, 2H), 3.21 (tJ = 2.2 Hz, 2H), 1.46 (s, 9H), 1.26 &= 7.1 Hz, 3H);**C-NMR (126 MHz i
CDCls):t 214. 44, 170. 7979.24, 6193, 835313, 28918 (3, By), 18AR- 5 6 ,
MS: calc. for [M+H]", Ci2 H1904 = 227.12779, found: 227.12791.

1-benzyl 4(tert-butyl) 2-vinylidenesuccinate (95¢
CO,tBu
CO2Bn
Colourless oil, 37%!H-NMR (500 MHz i CDCls): U 71. 728 (m, 5H), 5.23 (tJ = 2.2 Hz,
2H), 5.20 (s, 2H), 3.20 (§,= 2.2 Hz, 2H), 1.42 (s, 9H}*C-NMR (126 MHzi CDCl3): (1214.91,
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169.77, 166.42, 136.08, 128.61 (2C), 128.22, 128.03 (2C), 95.01, 81.33, 79.70, 66.93, 36.00, 28.14
(3C); HR-MS: calc. for [M+H*, Ci7H2104= 289.14344, found: 289.14363.

4-benzyl I-ethyl 2-vinylidenesuccinate (95

COZBn

CO,Et

Yellow oil, 20%.'H-NMR (500 MHz i CDCl3): U 71. 728 (m, 5H), 5.21 (t) = 2.2 Hz, 2H),

5.15 (s, 2H), 4.19 (g} = 7.2 Hz, 2H)3.33 (t,J = 2.2 Hz, 2H), 1.25 ({] = 7.1 Hz, 3H)*C-NMR

(126 MHzT1 CDCl3): 0 214 . 67, 170. 51, 166. 42, 135. 87, 12
79.81, 66.89, 61.57, 34.94, 14.HAR-MS: calc. for [M+H]", CisH1704 = 261.11214, found:
261.11229.

Di-tert-butyl 2-vinylidenesuccinate (95f
CO,tBu
CO,tBu
Orange oil, 30%!H-NMR (500 MHz i CDCls): ti5.15 (t,J = 2.3 Hz, 2H), 3.12 (t) = 2.3 Hz,
2H), 1.47 (s, 9H), 1.45 (s, 9HFC-NMR (126 MHzi CDCls): 1i214.43, 169.96, 165.62, %4,
81.38, 81.07, 79.05, 36.20, 28.18 (3C, tBu), 28.14 (3C, tBR}MS: calc. for [M+H]", C14H2304
= 255.15909, found: 255.15921.

4-benzyl 1(tert-butyl) 2-vinylidenesuccinate 959
CO,Bn

CO,tBu
Colourless oil, 37%!H-NMR (500 MHz i CDCls): i 71. 729 (m, 5H), 5.16 5.14 (m, 4H,
overlapped triplet and singlet), 3.28 Jt= 2.2 Hz, 2H), 1.44 (s, 9H}3C-NMR (126 MHz i
CDCls): 1214.48, 170.65, 165.47, 135.91, 128.66 (2C), 128.43 (2C), 128.37, 95.96, 81.62, 79.36,
66.82, 35.10, 28.10 (3CtBu); HR-MS: calc. for [M+H]J", Ci7H2104 = 289.14344, found:
289.14364.
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tert-butyl 2-(cyanomethyl)buta-2,3-dienoate @5h)
CN

CO,tBu
Orange oil, 15%*H-NMR (500 MHz i CDCIs): i 5.37 (t,J = 3.1 Hz, 2H), 3.29 (tJ = 3.1 Hz,
2H), 1.48 (s, 9H)3C-NMR (126 MHz1 CDCls): 11213.01, 163.95, 116.82, 93.73, 82.55, 82.01,
27.98 (3C, tBu), 18.254R-MS: calc. for [M+H]", C1oH140-N = 180.10191, found: 180.10183.

3.6.5. General Procedure for the Synthesis of ApoxidoldaseudoNPs

R2
(R,R)-Et-BPE 0,8 K
(30 mol%) N—
@ ) COoR
THF [0.05 M], RT, 18 h N
R3 I\V|e R1
R1 —_—
N N—§—R2
Me (0]
R2
/ 3
(S,S)-Et-BPE 0,8, R
(30 mol%) N
Ny )—COR*
THF [0.05 M], RT, 18 h N :
Me R’

To a stirred solution of iminester (1.0 eq.) and allenoate (1.2 eq.) in THF [0.05M] was added the
relevant chiral phosphine catalyst,-BPE (30 mol%). After 12 h, the reaction mixture was

concentrated and purified by silicalgeolumn chromatography (Pent/EtOAc) to afford the
Apoxidole product.
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2,3-diethyl 6-methyl (2R,6S}6-(1-methyl-1H-indol-2-yl)-1-((2-nitrophenyl)sulfonyl)-1,2,5,6
tetrahydropyridine -2,3,6tricarboxylate (93)

O,N

Ozs\N CO,Et
\S)/ " (R)

N %
Me COzMe

CO,Et

oy

(R,S)-93
White sold, 71% vyield. Pent/EtOAc (7:1 to 4:3H-NMR (600 MHz - CDClz3): 11 8.88 (bs, 1H),
7.79 (t,J=7.6 Hz, 1H), 7.73 (td) = 7.8, 1.2 Hz, 1H), 7.66 (dd,= 7.9, 1.2 Hz, 1H), 7.52 (d,=
7.9 Hz, 1H), 7.31 () = 4.0 Hz, 1H), 7.25 7.16 (m, 2H), 7.09 7.04(m, 1H), 6.48 (s, 1H), 6.04
(s, 1H), 4.24i 4.13 (m, 2H), 3.62 (s, 3H), 3.68.51 (m, 4H), 3.39 (bs, 1H), 2.43 (bs, 2H), 1.26
(t, J=1.1 Hz, 3H), 0.55 0.45 (m, 3H)13C-NMR (151 MHz- CDCl3): 1 168.62, 167.85, 164.47,

148.10, 139.49, 136.95, 135.74483.62, 133.49, 131.61, 131.57, 130.68, 130.21, 126.14, 123.70,

123.59, 121.32, 121.01, 120.39, 109.78, 107.70, 61.98, 61.31, 57.57, 53.79, 34.29, 32.87, 13.20.

HR-MS: calc. for [M+H]" C2sH29010N3S =600.1574found:600.1646[a]R", = + 59.0° (CHCI,
¢ = 1.00); HPLC conditions: CHIRAPAK IC column, DCM:EtOH (100i&¥hexane = 40/60,

flow rate = 0.5 mL mift, minor enantiomerxt 15.85 min; major enantiomek=t 24.42 min,
88%ee

2-(tert-butyl) 3-ethyl 6-methyl (2R,6S}6-(1-methyl-1H-indol-2-yl)-1-((2-
nitrophenyl)sulfonyl)-1,2,5,6tetrahydrop yridine -2,3,6tricarboxylate (96a)

O,N

0,8 CO,tBu

’\? (S)E: N(R)/ CO,Et

Me CO,Me
(R,S)-96a

Off-white solid, 85% vyield. Pent/EtOAc (5:1 to 41)-NMR (500 MHz - CDCl3): i 8. 8 8
1H), 7.79 (tJ = 7.8 Hz, 1H), 7.71 (td) = 7.6, 1.3Hz, 1H), 7.64 (ddJ = 7.9, 1.4 Hz, 1H), 7.53

(dt,J=7.9, 1.0 Hz, 1H), 7.247.15 (m, 3H), 7.09 7.04 (m, 1H), 6.50 (s, 1H), 6.05 (g, 1H), 4.32
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i 4.22 (m, 1H), 4.21 4.11 (m, 1H), 3.59 (d] = 5.5 Hz, 6H), 3.56 3.44 (m, 2H), 1.33 (1] =7.2

Hz, 3H), 0.72 (bs, 9H)**C-NMR (126 MHz-CDCl3): ' 168 . 58, 166. 83, 164.
135.79, 135.27, 133.11, 131.44, 130.10, 126.06, 123.30, 123.25, 120.96, 120.12, 110.12, 107.15,
107.13, 83.02, 66.34, 61.13, 58.04, 53.52, 34.04, 32.86, 27.04 (3C, tBu), 23.84HR-RIF:

calc. for [M+H]" CzoH34010NsS = 628.1959, found: 628.199a]R", = + 87.0° (CHCIz, ¢ = 1.00);

HPLC conditions: CHIRAPAK IC column, DCM:EtOH (100:B3-hexane = 40/60, flow rate =

0.5 mL mint, minor enantiomergt 24.24 min; major enantiomeg= 14.99 min, 78%e

2-(tert-butyl) 3-ethyl 6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-((2-
nitrophenyl)sulfonyl)-1,2,5,6tetrahydrop yridine -2,3,6tricarboxylate (96a)
O,N
0,5, COutBu
Me CO,Me

(S,R)-96a
Off-white solid, 67% yield. Pent/EtOAc (6:1 to 4:HR-MS: calc. for [M+H]" C3oH34010NsS =
628.1959, found: 628.195[@]RT, = - 97.0° (CHCI,, ¢ = 1.00); HPLC conditions: CHIRAPAK

IC column, DCM:EtOH (100:2)s0-hexane = 40/60, flow rate = 0.5 mL riirminor enantiomer:
tr= 13.90 min; major enantiomeg=t 22.14 min, 76%e

Single enantiomer purifiedising CHIRAPAK IC column, DCM:EtOH (100:2Bo-hexane =
30/70, flow rate = 3 mL mih White foam, 47%.
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3-(tert-butyl) 2-ethyl 6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-((2-
nitrophenyl)sulfonyl)-1,2,5,6tetrahydrop yridin e-2,3,6tricarboxylate (96b)

O,N

0,8,  COEt
\ RN

N
Me CO,Me

COZtBU

(S,R)-96b
Off-white foam, 68% yield. Pent/EtOAc (5:1 to 4)-NMR (500MHz -CDCl3): i 8. 89 ( bs,
1H), 7.79 (t, 1H), 7.72 (td = 7.7, 1.4 Hz, 1H), 7.65 (dd,= 7.9, 1.4 Hz, 1H), 7.54 (dj,= 7.9,
1.0 Hz, 1H), 7.25 7.15 (m, 3H), 7.07 (dddl = 8.0, 6.7, 1.2 Hz, 1H), 6.48 (s, 1H), 5.99 {¢;
1.3 Hz, 1H), 3.62 (s, 3H), 3.593.51 (m, 5H), 3.39 (s, 1H), 2.52 (bs, 1H), 1.45 (s, 9H), 0.48 (bs,
3H).; 13C-NMR (126 MHz-CDCl3): i 168 . 54, 1187790,939.28, 1136.78B, 12547,
133.28, 131.42, 130.65, 130.09, 128.85, 125.97, 123.45, 123.35, 121.14, 120.15, 109.56, 107.43,
81.53,66.08, 61.89, 57.43, 53.56, 34.05, 32.70, 28.01 (3C, tBu), HRIMS: calc. for [M+H],
CaoH34010N3S = 628.19594, fawd: 628.19574[a]R", = + 92.0° (CHCIz, ¢ = 1.00); HPLC

conditions: CHIRAPAK IC column, DCM:EtOH (100:%6-hexane = 30/70, flow rate = 0.5 mL

min, minor enantiomergt 21.52 min; major enantiomeg=t 34.92 min, 86%e

2-benzyl 3ethyl 6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-((2-nitrophenyl)sulfonyl) -
1,2,5,6tetrahydropyridine-2,3,6tricarboxylate (96c¢)

O,N

0,8 COzBn
\ RN
/

N
Me CO,Me

CO,Et

(S,R)-96¢c
Brown solid, 53 % yield. Pent/EtOAc (6:1 to 4)-NMR (500 MHz - CDCl3): 11 8.86 (s, 1H),
7.781 7.71 (m, 2H), 7.66 (dd, 1H), 7.47 (d, 1H), 7i3@.26 (m, 1H), 7.25 7.17 (m, 5H), 7.06
(ddd, J=7.9,5.0, 3.0 Hz, 1H), 6.78 (d, J = 6.8 Hz, 2H), 6.51 (s, 1H), 6.11 (q, J = 1.3 Hz, 1H), 4.47

(d, J = 12.1 Hz, 1H), 4.063.94 (m, H), 3.92i 3.81 (m, 1H), 3.63 (s, 3H), 3.593.56 (M, 5H),
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3.08 (s, 1H), 1.04 (t, J = 7.1 Hz, 3HC-NMR (126 MHz - CDCl3): 11168.41, 167.28, 164.12,
147.87, 139.34, 136.58, 135.55, 134.37, 133.31, 131.46, 130.46, 129.95, 128.21, 128.19 (20),
128.08 (), 125.90, 127.17,123.62, 123.43, 121.33, 120.28, 109.62, 107.62, 67.20, 66.12, 61.10,
57.36, 53.62, 34.03, 32.72, 13.88R-MS: calc. for [M+H]", Ca3H32010N3S = 662.18029, found:
662.18000[a]RT, = + 46.0° (CHCIz, ¢ = 1.00); HPLC conditions: CHIRAPAKC column,

DCM:EtOH (100:2)fiso-hexane = 40/60, flow rate = 0.5 mL riirminor enantiomerxt 17.28

min; major enantiomergt 25.65 min, 76%e

2,3-di-tert-butyl 6-methyl (2R,6S}6-(1-methyl-1H-indol-2-yl)-1-((2-nitrophenyl)sulfonyl) -
1,2,5,6tetrahydropyridine -2,3,6tricarboxylate (96d)

O,N

OQS\ COQtBU

N

S, R
N ”/ CO,tBu
N H

Me CO,Me
(R,S)-96d

Off-white solid, 62% vyield. Pent/EtOAc (5:1 to 41)-NMR (500 MHz - CDCl3): Ui 8.80 (bs,

1H), 7.79 7.72 (m, 1H), 7.69 (td] = 7.7, 1.4 Hz, 1H), 7.62 (dd,= 7.9, 1.4 Hz, 1H), 74(dd,J

=7.9, 1.0 Hz, 1H), 7.2B7.16 (m, 2H), 7.12 (t, 1H), 7.08 (ddi= 7.9, 5.3, 2.7 Hz, 1H), 6.49 (s,

1H), 6.01 (dJ = 1.4 Hz, 1H), 3.60 (dJ = 10.8 Hz, 3H), 3.57 (s, 3H), 3.52 (@= 5.0 Hz, 1H),

3.45 (d,J = 19.8 Hz, 1H), 1.52 (s, 9H), 0.7B< 9H);3C-NMR (126 MHz - CDCl3): {i 169.20,

167.66, 164.04, 148.20, 140.00, 136.14, 135.25, 133.40, 131.76, 131.44, 130.62, 126.46, 123.61,
123.56, 121.31, 120.45, 110.50, 107.43, 83.28, 81.82, 66.57, 58.47, 53.82, 34.97, 33.22, 28.56
(3C, tBu), 27.51 (3C, tBu), 14.58R-MS: calc. for [M+H]*, Cs2H3s010N3S = 656.22724, found:
656.22702[a]RT, = - 88.0° (CHCI2, ¢ = 1.00); HPLC conditions: CHIRAPAK IC column,

DCM:EtOH (100:2)iso-hexane = 40/60, flow rate = 0.5 mL rifinrminor enantiomerxgt 13.79

min; major enantiomergt 9.31 min, 86%e
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2,3di-tert-butyl 6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-((2-nitrophenyl)sulfonyl) -
1,2,5,6tetrahydropyridine -2,3,6tricarboxylate (96d)

O,N

Ozs\ \\COztBU
\ BN
/

N
Me CO,Me

CO,tBu

(S,R)-96d
Off-white solid, 71% vyield. Pent/EtOAc (5:1 to 4:HR-MS: calc. for M+H]*, Cz2H38010NsS =
656.22724, found: 656.2270¢a]R", = + 83.0° (CHCl2, ¢ = 1.00); HPLC conditions:
CHIRAPAK IC column, DCM:EtOH (100:2)60-hexane = 40/60, flow rate = 0.5 mL rifirminor

enantiomer:#= 9.39 min; major enantiomeg=t 13.96 min, 9%ee

3-benzyl 2(tert-butyl) 6-methyl (2R,6S})6-(1-methyl-1H-indol-2-yl)-1-((2-
nitrophenyl)sulfonyl)-1,2,5,6tetrahydrop yridine -2,3,6tricarboxylate (96€)

O,N

OzS\ COztBU

N
S

NG (R)/ CO,Bn

N

Me COZMe

1

(R,S)-96e
Brown solid, 56% yield. Pent/EtOAc (6:1 to 4!H-NMR (500 MHz - CDClzs): 1i8.87 (bs, 1H),
7.79 (t,J= 7.5 Hz, 1H), 7.71 (td] = 7.7, 1.3 Hz, 1H), 7.64 (dd,= 7.9, 1.4 Hz, 1H), 7.52 (dd,
= 7.9, 1.0 Hz, 1H), 7.4R 7.30 (m, 5H), 7.25 (d] = 3.4 Hz, 1H), 7.21 7.14 (m, 2H), 7.06 (ddd,
J=7.9,5.8, 2.0 Hz, 1HE.49 (s, 1H), 6.09 (g} = 1.3 Hz, 1H), 5.20 (dd, 2H), 3.58 (s, 6H), 3156
3.46 (m, 2H), 0.64 (bs, 9H)!3C-NMR (126 MHz - CDCls): 168.55, 166.66, 164.59, 147.82,
139.62, 135.81, 135.48, 133.11, 131.47, 130.66, 130.09, 128.65, 128.59, 128.44, 12842, 128
126.05, 123.31, 123.26, 120.96, 120.12, 119.41, 110.12, 107.15, 83.12, 66.86, 66.09, 58.03, 53.53,
34.35, 32.85, 26.93 (3C, tBu), 14.1HR-MS: calc. for [M+H]", CasH36010N3S = 690.21159,
found: 690.21137a]R", =- 30.0° (CHClI>, ¢ = 1.00); HPLC caditions: CHIRAPAK IC column,
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DCM:EtOH (100:2)iso-hexane = 40/60, flow rate = 0.5 mL riinminor enantiomerxt 20.36

min; major enantiomergt 17.05 min, 84%e

3-benzyl 2(tert-butyl) 6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-((2-
nitrophenyl)sulfonyl)-1,2,5,6tetrahydropyridine -2,3,6tricarboxylate (966

O,N

O2S\N ~\\CO2tBU
N\ R (S)
/

N
Me COzMe

CO2Bn

(S,R)-96e
Brown solid, 70% yield. Pent/EtOAc (6:1 to 4:HR-MS: calc. for [M+H]", CssHze010N3S =
690.21159, found: 690.2113fa]R", = + 36.0° (CHCl2, ¢ = 1.00); HPLCconditions:
CHIRAPAK IC column, DCM:EtOH (100:2igo-hexane = 40/60, flow rate = 0.5 mL riirminor

enantiomer:#= 17.67 min; major enantiomeg=t 21.08 min, 82%e

2-(tert-butyl) 3-ethyl (2S,6R)6-(1-methyl-1H-indol-2-yl)-1-((2-nitrophenyl)sulfonyl)-1,2,5,6
tetrahydropyridine -2,3-dicarboxylate (961)

O,N

028\ QOZtBU

N
R S
N “/ CO,Et
N
H

Me
(S,R)-96f
Off-white foam, 42% vyield. Pent/DCM (1:3j-NMR (500 MHz - CDCls): i 7.99 (dd,J = 8.0,
1.4 Hz, 1H), 7.73 (td)= 7.8, 1.4 Hz, 1H), 7.66 (td,= 7.7, 1.3 Hz, 1H), 7.56 (dd,= 7.9, 1.3 Hz,
1H), 7.45 (dtJ = 7.8, 1.0 Hz, 1H), 7.29 (dd,= 8.4, 0.9 Hz, 1H), 7.17 (ddd= 8.3, 7.0, 1.1 Hz,
1H), 7.01 (dddJ= 7.9, 7.01.0 Hz, 1H), 6.97 6.93 (m, 1H), 6.33 (d] = 0.9 Hz, 1H), 5.65 (d]
=7.2 Hz, 1H), 5.59 (dd1= 2.4, 1.3 Hz, 1H), 4.3 4.16 (m, 2H), 3.87 (s, 3H), 2.84 (db; 20.0,
5.4 Hz, 1H), 2.70 2.60 (m, 1H), 1.33 (t) = 7.1 Hz, 3H), 0.77 (s, 9H}3C-NMR (126 MHz -
CDClI3): U 165.53, 165.28, 148.34, 138.09, 134.65, 134.19, 133.88, 132.79, 131.69, 130.47,
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127.79,126.64, 123.83, 122.40, 120.79, 119.51, 109.45, 103.40, 82.74, 61.11, 54.08, 46.77, 30.16,
27.46, 27.14 (3C, tBu), 14.28{R-MS: calc. for [M+H]", CosH3208N3S = 570.9046, found:
570.19016[a]RT, = - 82.0° (CHCI2, ¢ = 1.00); HPLC conditions: CHIRAPAK IC column,
DCM:EtOH (100:2)/iso-hexane = 40/60, flow rate = 0.5 mL riirminor enantiomergt 15.19

min; major enantiomergt 17.46 min, 81%e

Single enantiomepurified using CHIRAPAK IC column, DCM:EtOH (100:3)¢go-hexane =
40/60, flow rate = 3 mL mit Yellow foam.

2-(tert-butyl)  3-ethyl  6-methyl (2R,6S})6-(1-methyl-1H-indol-2-yl)-1-tosyl-1,2,5,6
tetrahydropyridine-2,3,6tricarboxylate (96g)

028 COztBU
N
N\ (S ®)
/

N
Me COzMe

CO,Et

[y

(R,S)-96g
Off-white foam, 91% vyield. Pent/EtOAc (6:1 to 4!H-NMR (500 MHz - CDCl3): Ui 7.88 (bs/d,
2H), 7.52 (dt, J = 7.8, 1.0 Hz, 1H), 7.29 (d, J = 8.2 Hz, 2H), 7.2A1 (m, 3H), 7.05 (ddd, J =
7.9, 6.5, 1.4 Hz, 1H), 6.46 (s, 1H), 5.92 (s, 1.4 Hz, 1H), 4.31 4.09 (m, 2H), 3.65 (s, 3H), 3.58
(s, 3H), 3.55 3.47 (m, 1H), 3.42 (d, J = 19.9 Hz, 1H), 2.44 (s, 3H), 1.32 (t, J = 7.2 Hz, 3H), 0.79
(bs, 9H);13C-NMR (126 MHz - CDCl3): U 168.87, 166.74, 164.94, 143.35, 139.47, 138.96,
135.13, 13%66, 129.08 (2C), 128.68, 127.35, 126.17, 122.77, 120.83, 120.53, 119.85, 110.06,
106.16, 82.44, 65.07, 61.02, 58.39, 53.14, 33.88, 33.00, 27.16 (3C, tBu), 21.68 HR-BI&:
calc. for [M+HJ", CaiHs708N2S = 597.22651, found: 597.2263a]R", = + 88.0° (¢2Clz, ¢ =

1.00); HPLC conditions: CHIRAPAK IC column, DCM:MeOH (100:B3d-hexane = 20/80, flow

rate = 0.5 mL mif, minor enantiomergt 33.58 min; major enantiomeg=t 27.00 min, 84%e

Single enantiomer obtainagsing CHIRAPAK IC column, DCM:EtOH(100:2)iso-hexane =
30/70, flow rate = 3 mL mih White foam, 15%.
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2-(tert-butyl)  3-ethyl  6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-tosyl-1,2,5,6
tetrahydropyridine-2,3,6tricarboxylate (96g)

028\ \COztBU
N\ RNE
/

N
Me CO,Me

CO,Et

(S,R)-96g
Off-white foam, 93% \eld. Pent/EtOAc (6:1 to 4:1HR-MS: calc. for [M+H]", C31H370sN2S =
597.22651, found: 597.2264a]R", =- 77.0° (CHClI>, ¢ = 1.00); HPLC conditions: CHIRAPAK

IC column, DCM:MeOH (100:5)60-hexane = 20/80, flow rate = 0.5 mL rifirminor enantiomer:
tr= 29.64 min; major enantiomeg=t 36.65 min, 84%e

Single enantiomer purifiedsing CHIRAPAK IC column, DCM:EtOH (100:2Bo-hexane =
30/70, flow rate = 3 mL mih White foam, 40%.

3-(tert-butyl)  2-ethyl  6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-tosyl-1,2,5,6
tetrahydropyridine-2,3,6tricarboxylate (96h)

Osd  CO,Et

N

07\ O

N
N

Me CO,Me
(S,R)-96h
Orange foam, 91% yield. Pent/EtOAc (6:1 to S}NMR (500 MHz - CDCls): 117.96 (d, J =
7.9 Hz, 2H), 7.52 (dt, J = 7.9, 1.0 Hz, 1H), 7.33 (d, J = 8.0 Hz, 2H)j 72211 (m, 3H), 7.04 (ddd,
J=7.9,6.8, 1.1 Hz, 1H), 6.43 (s, 1H), 5.84 (s, 1H), 3.67 (s, 3H), 3.52 (s, 3H),BF2(mM, 1H),
3.507 3.47 (m, 1H), 3.45 3.36 (n, 1H), 2.64 (bs, 1H), 2.45 (s, 3H), 1.43 (s, 9H), 0.43 (t, J = 7.1
Hz, 3H); 3C-NMR (126 MHz - CDCl3): Ui 168.74, 167.78, 163.60, 143.69, 139.38, 138.94,
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135.80, 131.84, 129.26 (2C), 128.69, 127.50 (2C), 126.29, 123.12, 121.14, 120.03, 109.60, 106.46,
81.2, 65.05, 61.86, 57.75, 53.29, 33.57, 33.02, 28.14 (3C, tBu), 21.83, HRIWVIS: calc. for
[M+H] *, Ca1iH370sN2S = 597.22651, found: 597.22638]R", = - 94.0° (CHCl, ¢ = 1.00); HPLC
conditions: CHIRAPAK IC column, DCM:EtOH (100:2¥0-hexane = 30/7Glow rate = 0.5 mL

min, minor enantiomergt 18.40 min; major enantiomeg= 24.21 min, 90%e

3-(tert-butyl) 2-ethyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-tosyl-1,2,5,6tetrahydropyridine -
2,3-dicarboxylate (96i)

Os
> CO,Et
O//S\ (S) > 2

@nfﬁw—coztsu

N\ H

(S,R)-96i

Off-white solid, 68% vyield. Pent/EtOAc (5:1 to 3)-NMR (700 MHz - CDCl3): i7.801 7.77
(m, 2H), 7.44 (dJ) = 7.8 Hz, 1H), 7.28 (m] = 8.6 Hz, 3H), 7.18 (ddd} = 8.2, 7.0, 1.1 Hz, 1H),
7.02i 6.99 (m, 1H), 6.81 (m] = 4.4, 1.8 Hz, 1H), 6.25 (s, 1H),% (d,J = 7.5 Hz, 1H), 5.35 (s,
1H), 3.87 (s, 3H), 3.06 2.89 (m, 2H), 2.70 (dd}= 19.9, 5.2 Hz, 1H), 2.4082.44 (ddt, 1H), 2.43
(s, 3H), 1.47 (s, 9H), 0.75 @= 7.2 Hz, 3H).:3C-NMR (176 MHz - CDClz3): 11167.46, 164.20,
144.33,138.13, 136.76,430, 134.53, 129.82 (2C), 128.88, 127.68 (2C), 126.45, 122.49, 120.72,
119.58, 109.29, 103.30, 81.33, 61.61, 52.65, 46.41, 30.13, 28.18 (3C), 26.70, 21.751R3.56;
MS: calc. for [M+H]", CaoH3sOsN2S = 539.22103, found: 539.220¢&]~", = - 51.0° (CHClI>, ¢

= 1.00); HPLC conditions: CHIRAPAK IC column, DCM:EtOH (100:8y-hexane = 30/70, flow

rate = 0.5 mL mift, minor enantiomergt 32.75 min; major enantiomeg=t 24.80 min, 76%e
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2-(tert-butyl) 3-ethyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-tosy}1,2,5,6tetrahydropyridine -
2,3-dicarboxylate (96))

) CO,tBu

(S,R)-96j

Off-white foam, 52% vyield. Pent/EtOAc (6:1 to 5!H-NMR (700MHz - CDClz): 4 71.781

(m, 2H), 7.43 (dtJ = 7.8, 1.0 Hz, 1H), 7.28 (d,= 8.5, 1.0 Hz, 3H), 74 (ddd,J = 8.3, 7.0, 1.2

Hz, 1H), 7.00 (dddJ = 7.9, 7.0, 0.9 Hz, 1H), 6.856.81 (m, 1H), 6.26 (s, 1H), 5.55 @@= 7.3

Hz, 1H), 5.40 (s, 1H), 4.284.16 (m, 2H), 3.90 (s, 3H), 2.70 (di= 19.8, 5.4 Hz, 1H), 2.43 (s,

3H), 2.41i 2.34 (m, 1H), 1.31t, J= 7.1 Hz, 3H), 0.74 (s, 9H}C-NMR (126 MHz - CDCl3): ii

166.23, 165.75, 144.47, 138.39, 137.27, 135.00, 134.76, 130.14 (2C), 128.27, 127.77 (2C), 127.05,
122.51,121.04,119.72, 109.66, 103.11, 82.62, 61.23, 53.76, 46.58, 30.41, 27.47 (3C, tBu), 26.93,
21.96, 14.63HR-MS: calc. for [M+H]", CaoH3506N2S = 53922103, found: 539.2206a]R", =

- 136.0° (CHCIz, ¢ = 1.00); HPLC conditions: CHIRAPAK IC column, DCM:EtOH (100i8)-
hexane = 30/70, flow rate = 0.5 mL ritjrminor enantiomerxt 27.18 min; major enantiomer:
tr= 24.49 min, 84%e

Single enantiorer purified using CHIRAPAK IC column, DCM:EtOH (100:2Bo-hexane =
30/70, flow rate = 3 mL mih White foam, 52%.
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2-(tert-butyl) 3-ethyl 6-methyl (2S,6R}1-((4-bromophenyl)sulfonyl)-6-(1-methyl-1H-indol-
2-yl)-1,2,5,6tetrahydropyridine -2,3,6tri carboxylate (96K
Br

OQS\ \\COZtBU

N
R
M )—coet
N

Me CO,Me

(S,R)-96k
Yellow oil, 75% vyield. Pent/EtOAc (6:1 to 5:31-NMR (500 MHz - CDCl3): U 71.79%Z (m,
2H), 7.60 (dJ = 8.1 Hz, 2H), 7.52 (dt) = 7.9, 1.0 Hz, 1H), 7.21 7.11 (m, 3H), 7.06 (ddd} =
8.0, 6.7, 1.Hz, 1H), 6.47 (s, 1H), 5.96 (s, 1H), 4.26 (de, 10.8, 7.1 Hz, 1H), 4.17 (dd= 10.9,
7.2 Hz, 1H), 3.65 (s, 3H), 3.53 (m, 4H, overlapping of singlet and double doublef), 33%H(m,
1H), 1.33 (t,J = 7.2 Hz, 3H), 0.82 (s, 9H}*C-NMR (126 MHz-CDCl3): i 168. 98, 166
164.91, 139.49, 135.20, 131.74 (2C), 131.37, 129.06 (2C), 127.63, 126.25, 123.10, 121.00, 120.12,
110.18, 106.58, 82.82, 65.45, 61.24, 58.59, 53.36, 34.29, 32.93, 27.30 (3C, tBu)HR4M&;
calc. for [M+H]", CsoHz408N2BrS = 661.12138found: 661.12143 and 3@H340sNSBrS =
663.11933, found: 663.1194@&]R", = - 53.0° (CHCl2, ¢ = 1.00); HPLC conditions: CHIRAPAK

IA column, DCM:EtOH (100:2)iso-hexane = 10/90, flow rate = 0.5 mL ridimminor enantiomer:
tr= 27.90 min; major enantiomer= 38.35 min, 83%e
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2-(tert-butyl) 3-ethyl 6-methyl (2S,6R}1-((4-fluorophenyl)sulfonyl)-6-(1-methyl-1H-indol-2-
yl)-1,2,5,6tetrahydropyridine-2,3,6tricarboxylate (96l)
F

OQS\ \\COztBU

N
R,
M —coet
N

Me CO,Me

(S,R)-96l
Orange foam, 84% vyield. Pent/EtOAt1 to 6:1)'H-NMR (600 MHz - CDCI3): 1i8.00 (bs, 2H),
7.52 (d,J=7.9, 1.0 Hz, 1H), 7.20 7.10 (m, 5H), 7.06 (ddd= 7.9, 6.8, 1.1 Hz, 1H), 6.47 (4,
= 0.7 Hz, 1H), 5.95 (s, 1H), 4.22 (ddE 56.7, 10.9, 7.2 Hz, 2H), 3.66 (s, 3H), 3.54 (d& 5.2,
1.0 Hz, 1H), 3.54 (s, 3H), 3.443.36 (m, 1H), 1.33 (J = 7.1 Hz, 3H), 0.82 (s, 9H}3C-NMR
(126 MHz-CDCl3): i 1 6 7 J9303.8(Ha), 165.79, 164.80, 164.10, 139.40, 137.93, 135.07,
131.41, 130.25, 130.19, 128.82, 126.16, 122.93, 120.807,1815.61, 115.46, 110.04, 106.39,
82.64, 65.31, 61.09, 58.50, 53.19, 34.14, 32.79, 27.18 (3C, tBu), 1Z3AMR (565 MHz,
CDCls) G -105.42;HR-MS: calc. for [M+H]", CsoH3408N2FS = 601.20144, found: 601.20327.
[a]RT, = - 70.0° (CHCI2, ¢ = 1.00); HPLCconditions: CHIRAPAK I|A column, DCM:EtOH

(100:2)/iso-hexane = 10/90, flow rate = 0.5 mL riinminor enantiomerrt 25.39 min; major

enantiomer:g= 32.57 min, 84%e

Not submitted for biological testing.
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2-(tert-butyl) 3-ethyl 6-methyl (2S6R)-6-(1-methyl-1H-indol-2-yl1)-1-((3-
(trifluoromethyl)phenyl)sulfonyl) -1,2,5,6tetrahydropyridine -2,3,6tricarboxylate (96m)
F3C

\C02tB u
v (S) S

N
N

\
CO,Me

(S,R)-96m

Yellow solid, % yield. Pent/EtOAc (5:1 to 3:1H-NMR (500MHz -CDCl3): . 8. 35 (s, 1H)
i 8.01 (m, 1H), 7.81 (d) = 7.8 Hz, 1H), 7.57 (bs, 1H), 7.52 @= 7.9 Hz, 1H), 7.20 7.10 (m,

3H), 7.06 (dddJ=7.9, 6.7, 1.1 Hz, 1H), 6.47 (s, 1H), 6.00s,1.7 Hz, 1H), 4.23 (ddg),= 47.6,

10.9, 7.1 Hz, 2H), 3.64 (s, 3H,55 (ddJ =19.2, 5.0 Hz, 1H), 3.51 (s, 3H), 3.38 @ 23.0, 6.7

Hz, 1H), 1.33 () = 7.1 Hz, 4H), 0.85 (s, 9H}3C-NMR (126 MHz-CDCl3): i 168. 96, 167
164.82, 139.46, 135.21, 131.30, 131.19, 130.93, 130.68, 129.20, 12913 3y Hz), 12622,
124.87,124.59, 123.14,122.42,121.04, 120.15, 110.16, 106.72, 82.92, 65.59, 61.31, 58.61, 53.33,
34.51, 32.75, 27.30 (3C), 14.42F NMR (470 MHz, CDCls) Ui -62.76; HR-MS: calc. for

[M+H] ", Cs1Hz408N2FsS = 651.19825, found: 651.198Ja]R", = - 610° (CH.Cl,, ¢ = 1.00);

HPLC conditions: CHIRAPAK IC column, IPAiso-hexane = 10/90, flow rate = 0.5 mL rdin

minor enantiomerxtE 32.18 min; major enantiomek=t23.36 min, 84%e
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2-(tert-butyl) 3-ethyl 6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-(phenylsulfonyl)-
1,2,5,6tetrahydropyridine -2,3,6tricarboxylate (96n)

0,8, CO.tBu
N\ RNE
/

N
\'" Cco,Me

CO,Et

(S,R)-96n
Yellow foam, 70% yield. Pent/EtOAc (5:1 to 4)-NMR (500 MHz - CDClIs): 1i8.01 (s, 2H),
7.57 (dJ= 7.4 Hz, 1H), 7.54 7.47 (m, 3H), 7.19 7.10 (m, 3H), 7.05 (ddd,= 7.8, 6.7, 1.3 Hz,
1H), 6.47 (s, 1H), 5.96 (3,= 1.4 Hz, 1H), 4.26 (dg] = 11.0, 7.2 Hz, 1H), 4.2 4.11 (m, 1H),
3.64 (s, 3H), 3.55 (s, 3H), 3.53.49(m, 1H), 3.43 (dJ = 21.1 Hz, 1H), 1.32 (1] = 7.2 Hz, 3H),
0.80 (s, 9H)*C-NMR (126 MHz - CDCl3): U 169.20, 167.13, 165.27, 142.25, 139.82, 135.50,
132.98,131.93,129.10, 128.81 (2C), 128.49, 127.68 (2C), 126.54, 123.20, 121.23, 120.26, 110.45,
106.6, 82.89, 65.55, 61.43, 58.79, 53.51, 33.25, 27.54 (3C, tBu), 14RBIMS: calc. for
[M+H] ", CsoH3508N2S = 583.21086, found: 583.210%8]R", =- 68.0° (CHClI, c = 1.00); HPLC

conditions: CHIRAPAK IC column, DCM:MeOH (100:5%0-hexane = 20/80, flow ta= 0.5 mL

min, minor enantiomergt 23.61 min; major enantiomeg= 28.12 min, 78%e

Single enantiomer purifiedsing CHIRAPAK IC column, DCM:MeOH (100:50-hexane =
30/70, flow rate = 3 mL mih White foam, 33%.
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2-(tert-butyl) 3-ethyl 6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-(methylsulfonyl)-
1,2,5,6tetrahydro pyridine -2,3,6tricarboxylate (960)

/Me
OzS\N \\COztBU

Ry (9
/

N
\' Cco,Me

CO,Et

(S,R)-960
Off-white powder, 88% vyield. Pent/EtOAc (5:1H-NMR (500 MHz - CDClIs): U 7.54 (dt,J =
8.0, 1.0 Hz1H), 7.24 (dJ=1.1 Hz, 1H), 7.20 (ddd,= 8.3, 6.8, 1.2 Hz, 1H), 7.16 (dd#l= 5.5,
3.0, 1.5 Hz, 1H), 7.07 (ddd,= 7.9, 6.8, 1.1 Hz, 1H), 6.47 (s, 1H), 5.71)(t 1.7 Hz, 1H), 4.23
(dg,J = 10.9, 7.1 Hz, 1H), 4.13 (dd,= 11.0, 7.2 Hz, 1H), 3D(s, 3H), 3.71 (s, 3H), 3.583.49
(m, 1H), 3.47 (s, 3H), 3.36 (di,= 19.6, 2.6 Hz, 1H), 1.30 (§,= 7.1 Hz, 3H), 0.74 (s, 9H)L3C-
NMR (126 MHz - CDCl3): 1 169.43, 166.90, 165.01, 139.70, 135.48, 131.53, 128.52, 126.27,
123.09, 121.01, 120.10, 110.28, 106.50, 82.65, 65.14, 61.13, 58.12, 53.46, 43.94, 33.95, 33.55,
27.24 (3C, tBu), 14.404R-MS: calc. for [M+H]", CosH3308N2S = 521.19521, found: 521.19471.
[a]RT, = - 215.0° (CHCI2, ¢ = 1.00); HPLC conditions: CHIRAPAK IC column, DCM:MeOH

(100:5)/iso-hexane = 20/80, flow rate = 0.5 mL riinminor enantiomerrtE 28.76 min; major

enantiomer:g= 36.13 min, 84%e

2-(tert-butyl) 3-ethyl 6-methyl (2S,6R)6-(1-methyl-1H-indol-2-yl)-1,2,5,6
tetrahydropyridine -2,3,6tricarboxylate (96p)

\\COQtBU
\ AN
/

N
\'" Co,Me

CO,Et

(S,R)-96p
To a solution ofN-tosyl protected compound..Q equiv.) in dryDMF (0.2 ml) were added
thiophenol (1.0 equiv) and KOs (3.0 equiv). The readbn mixture was stirred at room
temperature overnighand then concentrated under reduced pressure. The residue was purified by
preparative HPLCYellow foam, 20% yield. Pent/EtOAc (5:1 to 3:3I-NMR (600 MHz,
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CDCls-ch): U 7.52 (dt,d = 7.9, 1.1, 0.7 HzlH), 7.27 7.26 (m, 1H), 7.22 7.17 (m, 1H), 7.14

(td,J = 4.2, 1.6 Hz, 1H), 7.06 (ddd,= 7.9, 7.0, 1.0 Hz, 1H), 6.35 (d= 0.8 Hz, 1H), 4.54 (q]

= 2.1 Hz, 1H), 4.20 (m, 1H), 3.84 (s, 3H), 3.79 (s, 3H), 3.307 (m, 1H), 2.93 (m, 1H), 1.29 (t,
J=7.1Hz, 3H), 1.06 (s, 9HI3C-NMR (151 MHz, CDCh-dh): 1i173.30, 169.70, 165.66, 138.89,
136.15, 135.23, 133.60, 130.32, 126.72, 122.54, 120.94, 119.93, 109.46, 103.05, 61.00, 59.61,
54.85, 53.43, 33.48, 31.23, 27.60 (3C), 14HR:MS: calc. for [M+H]", C2aH3106N2 = 442.5120,

found: 442.8204a]R", = + 26° (CH:Cl2, ¢ = 1.00); HPLC conditions: CHIRAPAK IC column,

DCM:EtOH (100:2)/fiso-hexane = 30/70, flow rate = 0.5 mL rlirminor enantiomerxt 21.06

min; major enantiomergt 21.56 min, 82%e
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3.6.5.1 Additional compounds for use in Bridged Bicyclic ythesis

3-benzyl  2(tert-butyl) (2S,6R)-6-(1-methyl-1H-indol-2-yl)-1-((2-nitrophenyl)sulfonyl) -
1,2,5,6tetrahydropyridine -2,3-dicarboxylate (960
O,N
0,8 COtBu

m@—cozm

\

(S,R)-96q
Off-white foam, 54% vyield. Pent/EtOAc (6:1 to 5!H-NMR (500MHz -CDCl3): i 7. 930 ( dd,
= 8.0, 1.3 Hz, 1H), 7.68 (td,= 7.8, 1.3 Hz, 1H), 7.53 (dd,= 8.0, 1.2 Hz, 1H), 7.48 7.43 (m,
2H), 7.42i 7.34 (m, 5H), 7.29 (ddl = 8.5, 0.9 Hz, 1H), 7.17 (ddd= 8.3, 7.0, 1.2 Hz, 1H), 7.01
(ddd,J=8.1, 7.1, 1.0 Hz, 1H), 6.98, 1H), 6.32 (s, 1H), 5.65 (d,= 7.2 Hz, 1H), 5.60 (m, 1H),
5.261 5.18 (m, 2H), 3.87 (s, 3H), 2.872.79 (m, 1H), 2.67 (ddt]= 20.1, 7.4, 2.5 Hz, 1H), 0.72
(s, 9H);'*C-NMR (126 MHz-CDCl3):t 165. 41, 165. 03, 148.26, 138
133.89, 132.64, 131.65, 130.45, 128.66 (2C), 128.50 (2C), 128.48, 127.53, 126.63, 123.79, 122.41,
120.79, 119.51, 109.45, 103.33, 82.85, 66.84, 54.03, 46.75, 30.15, 27.49, 27.09R3C}H:
calc. for [M+H]", Cs3Hz408NsS = 632.20611, found: 632.2074@]R", = - 41.0° (CHCl, ¢ =
1.00); HPLC conditions: CHIRAPAK IC column, DCM:EtOH (100:Bd-hexane = 30/70, flow

rate = 0.5 mL mirt, minor enantiomergt 26.47 min; major enantiomeg= 38.06 min, 76%e

Not submitted for biological testing.
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3-benzyl  2(tert-butyl) 6-methyl (2S,6R}6-(1-methyl-1H-indol-2-yl)-1-tosyl-1,2,5,6
tetrahydropyridine-2,3,6tricarboxylate (96r)

0,S  CO,tBu
\N >
N\ R (S)
/

N
\' Cco,Me

CO,Bn

(S,R)-96r
Off-white foam, 58% yield. Pent/EtOAc (7:31H-NMR (600 MHz - CDClz): U 7.87 (bs, 2H),
7.52i 7.48 (m, 1H), 7.42 7.31 (m, 6H), 7.27 (m, 1H), 7.187.11 (m, 3H), 7.04 (ddd = 7.9,
6.5, 1.4 Hz, 1H), 6.44 (d,= 0.7 Hz, 1H), 5.93 (¢] = 1.4 Hz, 1H), 5.25 5.10 (m, 2H), 3.64 (s,
3H), 3.59 (s, 3H), 3.50 (ddd,= 19.5, 52, 1.0 Hz, 1H), 3.43 (d, 1H), 2.43 (s, 3H), 0.72 (s, 9H).
13C-NMR (151 MHz-CDCl3):i 168 . 86, 166. 60, 164. 69, 143. 38,
131.68, 129.08 (2C), 128.62 (2C),128.42 (2C), 128.38, 128.15, 127.39 (2C), 126.17, 122.77,
120.82,119.84110.05, 106.11, 82.51, 66.72, 65.06, 58.38, 53.13, 33.03, 27.49, 27.08 (3C), 21.65;
HR-MS: calc. for [M+H]", CseHzgOsN2S = 659.24216, found: 659.2440@&]RT, = - 74.0°

(CH2Cl2, ¢ = 1.00); HPLC conditions: CHIRAPAK IA column, DCM:EtOH (100:8¢-hexane
= 15/85, flow rate = 0.5 mL mihy minor enantiomersgtE min; major enantiomerzt min, 87%

ee

Not submitted for biological testing.
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3.6.6. General Procedure for the Synthesis dridged-Bicyclic Compounds (98)

R?  CO,tBu
N— DCM/TFA (5:1), [0.01 M]
N4 )—COR!
N\ 31 12 h, 0°C - RT
R

R? = Nosyl or Tosyl

To a stirred solution giseudeNP 96 (1.0 eq.) inDCM was added TFA (DCM/TFA 5:1) dropwise
at 0 °C. The reaction mixture was swarmed to room temperétftee.12 h, the reaction mixture

was concentrated and purified by silica gel column chromatogrggan/EtOAc) to afford the

bridgedbicyclic product.

9-ethyl 6-methyl (6R,10S)5-methyl-12-((4-nitrophenyl)sulfonyl)-11-0x0-5,7,10,1%
tetrahydro-6H-6,10-epiminocycloocta[dindole-6,9-dicarboxylate (989

White powder, 63%'H-NMR (700 MHz - CDCls): i 81. 828 (d, 1H), 8.00 (dd]= 8.1, 1.3

Hz, 1H), 7.78 (ddJ = 7.9, 1.3 Hz, 1H), 7.68 (td,= 7.7, 1.4 Hz, 1H), 7.62 (td,= 7.8, 1.3 Hz,

1H), 7.41i 7.38 (m, 1H), 7.38 7.34 (m, 2H), 7.02 (ddd} = 5.4, 2.7, 0.8 Hz, 1H)%.45 (d,J =

1.2 Hz, 1H), 4.31 4.19 (m, 2H), 3.84 (ddd,= 19.9, 2.7, 1.7 Hz, 1H), 3.68 (s, 6H), 2.85 (dd,

19.9, 5.3 Hz, 1H), 1.30 ( = 7.1 Hz, 3H);)3C-NMR (126 MHz-CDCl3): i 185. 78, 168
163.30, 148.38, 138.40, 135.59, 134.15, 133.9),(R82.66 (2C), 129.87, 129.63, 124.99, 124.97,
123.84,123.42,122.30, 110.01, 109.87, 61.61, 60.73, 33.00, 30.76 (2C) HR-BIS: calc. for

[M+H]* Co6H2409N3S = 554.12278, found: 554.124(4]R "o = + 33° (CHCl, ¢ = 1.00); HPLC

conditions: CHIRAPAKIA column, DCM:EtOH (100:2)iso-hexane = 25/75, flow rate = 0.5 mL

min, minor enantiomergrt 37.48 min; major enantiomeg=t 41.45 min, 80%e

166



